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Abstract 
Starch is the most important source of food energy. However, the information about the 
metabolic quality of starchy foods is scarce. It is well known that native starches with a B-type 
X-ray diffraction pattern are more resistant to alpha-amylase digestion than those starches with 
an A-type X-ray pattern, but the underlying mechanism is not well understood. It is not clear 
whether the enzyme resistance of B-type starch is due to its B-type crystalline structure or the 
other structural features in starch granules. The objective of this study was to compare the 
structure and enzyme digestibility of highly pure A- and B-type starch crystals, and understand 
the roles of crystalline types in starch digestibility. Highly pure A- and B-type starch crystals 
were prepared from short linear α-glucans (short-chain amylose) generated from completely 
debranched waxy starches by manipulating the processing conditions such as starch solids 
concentration, crystallization temperature and chain length. High concentration, high temperature 
and short chain length favored the formation of the A-type structure, whereas reverse conditions 
resulted in the B-type polymorph. Digestion results using a mixture of α-amylase and 
glucoamylase showed that A-type crystals were more resistant to enzyme digestion than B-type 
crystals. The A-type crystalline product obtained upon debranching 25% waxy maize starch at 
50ºC for 24 h gave 16.6% digestion after 3 h, whereas B-type crystals produced by debranching 
5% waxy maize starch at 50ºC for 24 h followed by holding at 25ºC for another 24 h had 38.9% 
digested after 3 h. The A-type crystals had a higher melting temperature than the B-type crystals 
as determined by differential scanning calorimetry. Annealing increased the peak melting 
temperature of the B-type crystals, making it similar to that of the A-type crystals, but did not 
improve the enzyme resistance. The possible reason for these results was due to more condense 
packing pattern of double helices in A-type crystallites. It seems that the crystalline types are not 
the key factor that controls the digestibility of native starch granules. The resistance of native 
starches with B-type X-ray diffraction pattern is probably attributed to the other structural 
features in starch granules. 
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metabolic quality of starchy foods is scarce. It is well known that native starches with a B-type 
X-ray diffraction pattern are more resistant to alpha-amylase digestion than those starches with 
an A-type X-ray pattern, but the underlying mechanism is not well understood. It is not clear 
whether the enzyme resistance of B-type starch is due to its B-type crystalline structure or the 
other structural features in starch granules. The objective of this study was to compare the 
structure and enzyme digestibility of highly pure A- and B-type starch crystals, and understand 
the roles of crystalline types in starch digestibility. Highly pure A- and B-type starch crystals 
were prepared from short linear α-glucans (short-chain amylose) generated from completely 
debranched waxy starches by manipulating the processing conditions such as starch solids 
concentration, crystallization temperature and chain length. High concentration, high temperature 
and short chain length favored the formation of the A-type structure, whereas reverse conditions 
resulted in the B-type polymorph. Digestion results using a mixture of α-amylase and 
glucoamylase showed that A-type crystals were more resistant to enzyme digestion than B-type 
crystals. The A-type crystalline product obtained upon debranching 25% waxy maize starch at 
50ºC for 24 h gave 16.6% digestion after 3 h, whereas B-type crystals produced by debranching 
5% waxy maize starch at 50ºC for 24 h followed by holding at 25ºC for another 24 h had 38.9% 
digested after 3 h. The A-type crystals had a higher melting temperature than the B-type crystals 
as determined by differential scanning calorimetry. Annealing increased the peak melting 
temperature of the B-type crystals, making it similar to that of the A-type crystals, but did not 
improve the enzyme resistance. The possible reason for these results was due to more condense 
packing pattern of double helices in A-type crystallites. It seems that the crystalline types are not 
the key factor that controls the digestibility of native starch granules. The resistance of native 
starches with B-type X-ray diffraction pattern is probably attributed to the other structural 
features in starch granules. 
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Chapter 1 - Introduction 
Starch is one of the most abundant polymers in nature and consists of two types of α-D-
glucose polymers: amylose and amylopectin. Amylose is a mixture of lightly branched and linear 
molecules with a molecular weight of approximately 1×105-1×106 g/mol, whereas amylopectin is 
a much larger molecule with a molecular weight of 1×107-1×109 g/mol and a highly branched 
structure consisting of about 95% α-1, 4- and 5% α-1, 6- linkages (Hizukuri et al, 2006; Tester, 
et al, 2004a). The ratio of amylose to amylopectin in starch varies depending on botanical 
sources. Normal starches consist of 20-30% amylose and 70%-80% amylopectin. Waxy starch is 
comprised of essentially 100% amylopectin. 
Native starches are biosynthesized as granules in higher plants. When the starch granules 
are viewed under polarized light, a characteristic Maltese cross with clear birefringence is 
observed (Buleon et al, 1998). Based on the X-ray diffraction patterns, native starch granules 
have been reported in A-, B-, C- and V-type forms (Zobel, 1988). A-type crystalline structure 
occurs in cereal starches, while B-type structure is found in tuber, root and amylose-rich starches. 
C-type polymorph is basically a mixture of A- and B- type polymorphs and occurs in some tuber 
and legume starches (Bogracheva et al., 1998). The V-type diffraction pattern could be observed 
from amylose-lipids or iodine, alcohols complexes (Biliaderis and Galloway, 1989).  
Starch is the most important source of food energy and there is growing interest in 
understanding the relationships between digestion of starch and its impacts on human health 
(Lehmann and Robin, 2007; Zhang and Hamaker, 2009). The fundamental knowledge with 
respect to the relationship of starch structure and digestion is of particular interest to the food 
industry and has been reviewed in the literature (Tester et al, 2004b, 2006).  It is known that 
native starches with an A-type X-ray pattern, such as corn starch, waxy corn starch, wheat starch 
or rice starch, are less resistant to alpha-amylase digestion than those starches with a B-type X-
ray pattern such as high-amylose cereal starch or potato starch (Dreher et al 1984; Gallant et al, 
1972; Gallant et al 1997; Jane et al, 1997; McCleary and Monaghan 2002; Planchot et al, 1995; 
Srichuwong et al, 2005a, b). However, the underlying reasons of different enzyme 
susceptibilities of starch polymorphs are not clearly understood and remained to be investigated.  
 2 
 
 Structure levels related to enzymatic hydrolysis  
The susceptibility of starch granules to enzymes and extent of enzymatic hydrolysis are 
controlled by many factors such as starch botanical origins, enzyme sources, enzyme and 
substrate concentration, hydrolysis temperature and time as well as the presence of other 
components (Tester et al, 2004b). Within starch granules, there are different structural levels 
(granular structure, supramolecular structure and molecular structure) that could impact on the 
rate and extent of enzyme digestion (Buleon et al, 1998). 
 Granular structure 
Features of granular morphology such as shape, size and surface of starch granules could 
affect diffusion of enzyme molecules, adsorption of enzymes onto the solid substrates, and 
hydrolysis of substrates (Colonna et al, 1992). According to Fannone et al (1992), pores along 
with grooves were observed on the surfaces of many cereal starch granules. The pores may be 
the site of initial enzyme attack and allow the enzymes to penetrate into the granule interior. The 
surface area of starch granule is another critical factor in hydrolysis (Colonna et al, 1992). Large 
granules (i.e. potato starch) showed a small surface area to volume ratio, thus limiting access of 
enzymes and the hydrolysis of the granules (Tester et al, 2006). Noda et al (2005) studied the 
effects of granule size on the physicochemical properties and amylopectin structures of potato 
starches, and found that the hydrolysis rate of starch by glucoamylase increased as granule size 
decreased.  
For different granular structure, enzymes may have different hydrolysis patterns (Bird et 
al, 2009; Evans and Thompson, 2004; Helbert et al, 1996; Planchot et al, 1995; Sarikaya et al, 
2000; Zhang and Hamaker, 2009). The erosion profile of starch granules was normally obtained 
by analyzing the internal granule structure after digestion using scanning electron microscopy or 
transmission electron microscopy. Evans and Thompson (2004) observed that partially digested 
high-amylose maize starch showed a radial digestion pattern in the interior and an enzyme-
resistant layer near the surface. Helbert et al (1996) studied the diffusion of Bacillus 
licheniformis α-amylase into corn starch granules by analyzing the internal degradation of starch 
with a concomitant visualization of enzymes at the site of hydrolysis. They found that α-amylase 
molecules first proceed from the surface of granules toward the center (centripetal hydrolysis) 
and act by progressing along the polysaccharide chains, then the core was completely degraded 
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by even erosion of its periphery (centrifugal hydrolysis) with a more diffusive motion of the 
enzymes. According to Planchot et al (1995), normal and waxy maize starch showed highly 
eroded layered structure after digestion by alpha-amylase, while potato and high-amylose maize 
starches produced much less endo-eroded granules with pronounced superficial porosity. 
Sarikaya et al (2000) examined the degradation abilities of α-amylases on raw granules and 
observed that α-amylases showed both centrifugal and centripetal hydrolysis on corn, rice and 
wheat starch granules, but only centrifugal hydrolysis on potato starch granules.  
The interaction of starch molecules with the minor components attached in granules 
should be considered as well. In the case of cereal starch with high amylose content (i.e high-
amylose maize starch), the presence of lipid and lipid-amylose complex could provide some 
resistance to enzyme hydrolysis (Tester et al, 2006).  Lauro et al (2000) also reported that lipid-
complexed amylose appeared to be more resistant to the α-amylolysis than free amylose and 
amylopectin.  
 Supramolecular structure 
Native starch internal granules have been proposed to contain three different types of 
regions: amorphous growth rings, amorphous and crystalline lamella in a repeating stack 
(Donald et al, 2001a, b). The crystalline lamellae represent the side chain clusters of amylopectin 
whereas the amorphous lamellae contain branching regions of amylopectin and amylose (Donald 
et al, 2001a, b; Gallant et al, 1997). The supramolecular structure, such as arrangement of 
crystalline and amorphous regions in the granule, size of blocket that containing both amorphous 
and crystalline lamellae, could have impacts on the extent and rate of hydrolysis of starch 
granules. 
Generally, a slow rate of hydrolysis or even some resistance to the enzymes is observed 
in the crystalline region. This is due to the double helices being present in crystalline area that 
could inhibit the access of enzyme to starch molecules (Jiang and Liu, 2002; Planchot et al., 
1995; Tester et al, 2006). However, in the absence of amorphous lamellae structure, the extent of 
hydrolysis of lintnerized starch (acid resistant residues) increased. It is suggested the removal of 
the amorphous lamellae by acid could increase the accessibility of enzyme to the substrate 
(Srichuwong et al, 2005a). When heated in an aqueous environment, starch undergoes a process 
known as “gelatinization,” which is manifested by irreversible changes in properties such as 
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granular swelling, crystallite melting, loss of birefringence. The gelatinized starch is then totally 
amorphous and becomes digestible by enzymes (Colonna et al, 1992; Tester et al, 2006).  
Spherical blocklets organized from amylopectin lamella have effects in the hydrolysis of 
starch granules as well (Gallant et al, 1997). The enzyme resistance of potato and high amylose 
starch may be linked to their large blocklet size. Those starch granules appear to have a thick 
peripheral layer of large stacked blocklets comprising of the crystalline and amorphous lamellae 
of the amylopectin that are organized into larger, more or less spherical structures (Gallant et al, 
1997). However, as pointed out by Gallant et al (1997), wrinkled pea starch has a smaller 
blocklet size than smooth pea but is more resistant to enzyme digestion (Gallant et al 1992), 
indicating that other factors besides blocklet size determine resistance to α-amylase.   
 Molecular structure 
On the molecular level, the fine structure of amylose and amylopectin, crystal perfection 
and interrelations as well as crystalline types also play an important role in the hydrolysis of 
native starch granules.  
Starches with B-type crystallinity are more resistant to enzyme hydrolysis than starches 
with A-type crystallinity (Dreher et al 1984; Gallant et al, 1972; Gallant et al 1997; Jane et al, 
1997; McCleary and Monaghan 2002; Planchot et al, 1995; Srichuwong et al, 2005a, b) and are 
believed to be related to the fine structure of amylopectin and amylose (Jane et al, 1997; Jiang 
and Liu, 2004; Srichuwong et al, 2005b; Zhang and Oates, 1999). According to Jane et al (1997), 
A-type starch had more short A-chains (Degree of polymerization, DP 6-12) than B-type starch. 
The short double helices derived from those chains, and the branch linkages present in the 
crystalline region were more susceptible to enzymatic hydrolysis and resulted in pinholes and 
pits to the A-type starches. Jiang and Liu (2004) characterized the residues from partially 
hydrolyzed potato and high amylose corn starches by pancreatic α-amylase and found that the 
relative portion of short chains (DP <16) in the residues decreased for both starches. It was 
suggested that the short chains in native starches were more susceptible to enzyme hydrolysis 
and preferred to be digested first. According to Srichuwong et al (2005b), digestion of starch 
granules was positively and negatively correlated with the proportions of amylopectin unit-
chains with DP 8-12 and DP 16-26. Crystalline regions packed by high proportion of longer 
chains were more stable and more resistant to enzymatic hydrolysis than that of shorter chains.  
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 A- and B-type starch crystals 
Native starch granules contain A- type, B-type or mixed (C-type) crystallites (Zobel, 
1988). The main differences between these crystallites are the packing way of double helices and 
the amount of water molecules in the crystal unit cell (Imberty et al, 1988; Imberty and Perez, 
1988; Popov et al, 2009; Takahashi et al, 2004). A-type structure is more dense and characterized 
as a monoclinic unit cell (a=2.12 nm, b=1.17 nm, c=1.07 nm and γ=123.5º) with 8 water 
molecules per unit cell. B-type polymorph displays a more open hexagonal unit cell (a=b=1.85 
nm, c=1.04 m and γ=120.0º) with 36 water molecules per unit cell.  
The crystallinity of native starches is approximately 15 to 40% as measured by wide-
angle X-ray diffraction (Gidley and Bociek, 1985; Zobel 1988). In order to prepare starch 
crystals with high crystallinity, short linear chains (or short chain amylose, SCA) were first 
prepared, followed by recrystallization of those chains into highly crystalline materials. (Buleon 
et al, 2007; Cai et al, 2010; Cai and Shi, 2010; Gidley and Bulpin, 1987; Helbert, 1993; Lebail et 
al, 1993; Pfannemuller, 1987; Planchot et al, 1997; Ring et al, 1987; Whittam et al, 1990; 
Williamson et al, 1992). 
 Preparation and crystallization of SCA 
SCA is a short linear segment of α-1, 4-glucan and can be prepared by mild acid 
hydrolysis, in vitro synthesis, and by enzyme debranching. Mild acid hydrolysis, called 
“lintnerization”, removes the amorphous region and isolates the crystalline fraction of native 
starch granules. For example, extensive hydrolysis of native potato starch in 2.2N HCl at 35°C 
extracts amylose chains of average DP equal to 15 (Robin et al, 1974). The α-glucan chains can 
also be synthesized in vitro by phosphorylase (Gidley and Bulpin, 1989; Pfannemuller, 1987) or 
amylosucrase (Potocki-Veronese et al, 2005). 
Enzyme debranching of glycogen, maltodextrin and starch is another way to release SCA 
(Cai et al, 2010; Cai and Shi, 2010; Gidley and Bulpin, 1987; Pohu et al, 2004). According to 
Gidley and Bulpin (1987), enzymatically debranched glycogen produced linear chains with 
average DP=11. Pohu et al (2004) reported that split crystallization of A- and B-type starch 
crystals occurred during debranching of high concentrations of maltodextrins by isoamylase. 
Recently, the structure and digestibility of crystalline SCA from debranched waxy wheat, waxy 
maize, and waxy potato starches were investigated and compared (Cai and Shi, 2010). 
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The branching points in starch, or α-1, 6-linkages, can be cleaved by debranching 
enzymes such as isoamylase and pullulanase (Hizukuri et al, 2006; Manners, 1989). For an 
amylose-containing starch, debranching enzymes cleave the branch points in both amylose and 
amylopectin and produce a mixture of long and short linear α-1, 4-glucan chains; for a waxy 
starch, debranching releases short linear side chains from amylopectin (Shi et al, 1998). The type 
of enzyme used in the debranching process has a different reaction pattern. Isoamylase and 
pullulanase, the two commonly used debranching enzymes, do not act the same on starch 
(Hizukuri et al, 2006; Manners and Matheson, 1981; Yokobaya et al, 1973). Compared with 
pullulanase, isoamylase has superior activity for debranching amylopectin (Hizukuri et al, 2006). 
Pullulanase hydrolyzes amylopectin slowly by exo-wise action, whereas isoamylase hydrolyzes 
both inner and outer branching linkages (Manners and Matheson, 1981; Yokobaya et al, 1973). 
Depending on crystallization conditions such as solvent, chain length, concentration and 
temperature, SCA can organize into different crystalline types. Generally, a shorter chain length 
and a higher concentration of SCA and a higher crystallization temperature favor the formation 
of A- type crystallites, while the reverse conditions induce B- type crystallization (Buleon et al, 
2007; Cai et al, 2010; Cai and Shi, 2010; Gidley and Bulpin, 1987; Helbert, 1993; Lebail et al, 
1993; Pfannemuller, 1987; Planchot et al, 1997; Ring et al, 1987; Whittam et al, 1990; 
Williamson et al, 1992). The exact conditions to produce pure A- or B- crystalline products were 
different depending on the starting material used. For short chains prepared by extensive acid 
hydrolysis of native starches, the B-type crystalline structure was obtained by cooling the 
aqueous solution directly at a slow cooling rate, whereas the A-type polymorph could only be 
obtained by addition of water-ethanol mixture during cooling ( Helbert, 1993; Planchot et al, 
1997; Ring et al, 1987; Whittam et al, 1990; Williamson et al, 1992). Pohu et al (2004) studied 
debranching of maltodextrins at 25% solids concentration by isoamylase. They found that the B-
type network was produced during the first 12 h of debranching, followed by formation of the A-
type lamellar crystals in the  later reaction. Similar results were observed during debranching of a 
25% solids concentration of waxy maize starch (Cai et al, 2010). Pfannemuller (1987) 
investigated the effects of chain length on the crystallization of pure short monodisperse amylose 
from aqueous solution. She reported that malto-oligomers of DP10-12 gave crystalline materials 
with the A-type X-ray diffraction pattern, chains of DP13 and above gave crystals with the B-
type pattern, whereas chains with DP shorter than 10 did not crystallize. According to Gidely and 
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Bulpin (1987), the A-type crystals could be produced from debranched glycogen at 50% 
concentration by crystallization at 30ºC, and the B-type structure could be obtained by 
crystallization at 30% or 40% aqueous solution at 15 ºC.      
 Characterization and digestibility of A- and B-type crystals 
The dissolution temperature of recrystallized SCA with the A-type structure has always 
been reported to be higher than that of its B-type counterpart (Cai et al, 2010; Cai and Shi, 2010; 
Planchot et al, 1997; Whittam et al, 1990; Williamson et al, 1992). However, the results of 
digestibility of the A- and B- type structures have yielded different results (Cai et al, 2010; Cai 
and Shi, 2010; Planchot et al, 1997; Williamson et al, 1992).  Planchot et al (1997) prepared A- 
and B-type starch crystals from SCA obtained by extensive hydrolysis of native starches, and 
found that the A-type structure was more susceptible to α-amylase hydrolysis than the B-type 
structure. Williamson et al (1992) prepared A- and B-type spherulite crystals from lintnerized 
potato starch, and observed that the B-type spherulites were more resistant to α-amylase, β-
amylase and glucoamylase-1 than the A-type spherulites. It is worth noting that the A- and B-
spherulites prepared by Williamson et al (1992) and Planchot et al (1997) contained branch 
points. The B-type spherulites were crystallized in water whereas the A-type spherulites were 
produced in a water-ethanol mixture. According to Cai et al (2010), the A-type crystals formed 
from 25% solids SCA aqueous solution at 50 ºC displayed higher resistant starch content than the 
B-type crystals prepared at 5% solids and 25 ºC (Cai and Shi, 2010). The SCA used in those 
studies (Cai et al, 2010; Cai and Shi, 2010) was generated from debranched waxy starches and 
was confirmed to be linear. Therefore, the relationship between starch polymorphs and enzyme 
susceptibility is still not fully understood and requires further study.    
 Objectives 
It is known that B-type native starches are more resistant to digestion by alpha-amylase in 
the small intestine compared to A-type starch granules. But it is not clear whether the enzyme 
resistance of B-type starches is due to its B-type crystalline structure or the other structural 
features of starch granules. It is believed that the side chains of amylopectin are primarily 
responsible for the crystallinitiy of starch (Robin et al, 1974). In this study, waxy starches, which 
consist of ~ 100% amylopectin, were used as starting materials. The side chains of amylopectin 
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were released during debranching by isoamylase followed by assembling into the A- and B-type 
structures. Those A- and B-type starch crystals have the similar chain length distribution and 
highly pure crystallinity as native starches, thus represent the crystalline region of native starch 
granules and are good models to compare the digestibility of native starch granules. Our goals 
are to understand the structure and morphology of polymorphic crystalline solids obtained from 
debranched waxy starch, and to relate the crystalline polymorphs with their functional and 
nutritional properties.  
Our research interest has focused on investigating starch molecular architecture during 
crystallization, structural formation of different types of crystals, and providing new insights into 
how these crystalline starches are digested by α-amylases and glucoamylase. Specifically we 
want to establish how crystallization conditions influence the structure and morphology of starch 
crystals and then their susceptibility to digestion. This work could help understanding the 
molecular origins of resistant starch, and would be useful in designing better starch-based food 
ingredients with health benefits.  
The specific objectives of this work were to (a) investigate the debranching and 
crystallization of waxy maize, waxy wheat, and waxy potato starches, (b) produce highly pure A- 
and B-type starch crystals with different morphologies, (c) examine the digestibility of starches 
with different crystalline structures and morphologies, and (d) establish the relationship between 
starch polymorphs and digestibility. Using combined advanced analytical techniques, we could 
study the crystallization of starch molecules in real time, characterize the resulting materials, and 
gain a thorough understanding of how starch molecules are assembled into different types of 
crystals and their impacts on the enzyme digestibility. 
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Chapter 2 - Debranching and crystallization of waxy maize starch in 
relation to enzyme digestibility* 
 Abstract 
Molecular and crystal structures as well as morphology during debranching and 
crystallization of waxy maize starch at a high solid content (25%, w/w) were investigated, and 
the results were related to the digestibility of debranched products. The starch was cooked at 
115-120°C for 10 min, cooled to 50°C and debranched by isoamylase. After 1 h of debranching, 
wormlike objects with 5-10 nm width and ca. 30 nm length were observed by transmission 
electron microscopy. Further release of  linear chains and crystallization led to assembly of semi-
crystalline structures in the form of nano-particles and subsequent growth of nano-particles into 
large aggregates. After 24 h at 50°C, a debranched starch product with an A-type X-ray 
diffraction pattern, a high melting temperature (90°C to 140°C), and high resistant starch content 
(71.4%) was obtained. Small-angle X-ray scattering results indicated that all debranched 
products were surface fractal in a dry state (4% moisture) but had a mass fractal structure when 
hydrated (e.g., 45% moisture).  
 Introduction 
Starch debranching techniques have been extensively documented in patents and 
literature (Berry, 1986; Chiu et al., 1994; Chiu and Henley 1993; Chiu and Kasica 1995; Chiu 
and Mason 1998; Gonzalez-Soto et al, 2004, 2007; Guraya et al, 2001a, 2001b; Hizukuri et al, 
2006; Kettlitz et al., 2000; Lehmann et al, 2002; Leong et al, 2007; Manners and Matheson, 1981; 
Onyango and Mutungi, 2008; Shin et al, 2004; Yokobaya et al, 1973). However, the debranching 
kinetics and structure changes during debranching have not been well studied. In this study, we 
investigated structural changes during debranching and crystallization of waxy maize starch at 
high concentration (25% solids). The specific objectives of this work were to (1) investigate the 
                                                 
*Chapter 2 is published as a part of Cai, L. et al. (2010). Carbohydrate Polymers, 81, 
385-393. 
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debranching and crystallization mechanism of waxy maize starch and (2) determine morphology, 
structure, and physicochemical properties of debranched products and impact on digestibility. 
 Materials and methods 
 Materials 
Waxy maize starch was obtained from National Starch LLC (Bridgewater, NJ, USA), and 
isoamylase (EC 3.2.1.68) from Hayashibara Biochemical Laboratories, Inc. (Okayama, Japan). 
The enzyme activity was 1.41×106 IAU/g, and 1 IAU was defined as the amount of isoamylase 
that increased reducing-power absorbance of the reaction mixture by 0.008 in 30 min under the 
conditions of the isoamylase assay (FAO JECFA Monographs, 2007). All chemicals were 
reagent-grade. 
 Debranching of starch 
Waxy maize starch (150 g, dry basis) was mixed with water to give a 25 wt% solids 
content. The slurry was adjusted to pH 4.0 by adding 0.5N HCl, cooked at 115-120°C in a Parr 
reactor with mixing (Parr Instrument, Moline, IL, USA) for 10 min, and cooled to 50°C. The 
debranching reaction was started by adding 0.5 wt% isoamylase based on the dry weight of 
starch. The mixture was kept at 50°C with stirring. At 1, 2, 4, 8, 16, and 24 h intervals after 
adding enzyme, sample slurries (about 40 mL) were taken, immediately frozen in a dry ice 
acetone bath, freeze-dried, and saved for analysis. The precipitates after 24 h of crystallization 
were filtered, washed with water, and dried in an oven at 40°C overnight. In separate 
experiments, after the starch was debranched and crystallized at 50°C for 24 h, the digestion 
mixture was cooled to 25°C and held for another 24 h to further increase the yield of crystallized 
product. 
To determine the yield of crystallized product, an aliquot (1.0 mL) of starch slurry was 
taken and centrifuged (×13,226 g) for 10 min. The carbohydrate concentration in the supernatant 
was determined with a portable refractometer (Fisher Scientific Inc., Pittsburgh, PA, USA). The 
blank reading was determined by the same procedure on uncooked starch slurry mixed with 
isoamylase. The level of precipitation of carbohydrate was calculated by reading difference. 
Each measurement was done in duplicate. 
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 Gel permeation chromatography (GPC) 
Each starch sample (4 mg) was mixed with dimethyl sulfoxide (DMSO) (4 mL) and 
stirred in a boiling water bath for 24 h. The sample was filtered through a 2 µm filter and then 
injected by an autosampler into a PL-GPC 220 system (Polymer Laboratories Inc., Amherst, MA, 
USA) with three Phenogel columns (00H-0642-K0; 00H-0644-K0; 00H-0646-K0; Phenomenex 
Inc., Torrance, CA, USA), one guard column (03B-0290-K0, Phenomenex Inc., Torrance, CA, 
USA), and a differential refractive index detector. The eluenting solvent was 5 mM NaNO3 in 
DMSO, and the flow rate was 0.8 mL/min. The column oven temperature was controlled at 80°C. 
Standard dextrans (American Polymer Standards Co., Mentor, OH, USA) with different 
molecular weight (MW) were used for MW calibration.  
 Scanning electron microscopy 
The isolated crystalline samples were coated with gold-palladium by using a sputter 
coater (Denton Vacuum, LLC., Moorestown, NJ) and viewed at 1000X magnification with a 
scanning electron microscope (S-3500N, Hitachi Science Systems, Ltd., Japan) operating at an 
accelerating voltage of 20 kV. 
 Transmission Electron Microscopy (TEM) 
A drop of starch suspension was deposited on a 200 mesh copper Formvar/carbon-coated 
support film grid. Excessive liquid was wiped with filter paper. A drop of 2% uranyl acetate 
negative stain was added, and the suspension film was left to dry. The samples were observed 
and images were recorded with a Philips CM100 transmission electron microscope (FEI 
Company, Hillsboro, Oregon, USA) with 64,000× magnification. 
 Differential scanning calorimetry (DSC) 
A 25 wt% starch suspension in water was prepared and sealed in a DSC pan and analyzed 
with a TA Q5000 instrument (TA Instruments, New Castle, DE, USA). An empty pan was used 
as a reference. Samples were heated from 10°C to 160°C at 10°C/min. The onset (To), peak (Tp), 
and conclusion (Tc) temperatures and enthalpy (∆H) were calculated from the DSC endotherm 
(TA Instruments, New Castle, DE, USA). Experiments were conducted in duplicate. 
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 Synchrotron X-ray scattering and diffraction measurements 
Wide-angle X-ray diffraction (WAXD) and small-angle X-ray scattering (SAXS) 
experiments were carried out at the Advanced Polymers Beamline (X27C) in the National 
Synchrotron Light Source, Brookhaven National Laboratory, in Upton, NY. The details of the 
experimental setup at the X27C beamline have been reported elsewhere (Chen et al, 2006; Chen 
et al, 2007; Chu and Hsiao, 2001). The wavelength used was 0.1371 nm. The sample-to-detector 
distance was 155.6 mm for WAXD and 2018.5 mm for SAXS, respectively. A 2D MAR-CCD 
(MAR USA, Inc.) X-ray detector was used for data collection. In addition to native waxy maize 
starch (ca. 11% moisture) and freeze-dried debranched products (ca. 4% moisture), samples were 
mixed (hydrated) with water to form starch pastes (45% moisture) and examined by the WAXD 
and SAXS.  
 In vitro digestion method 
The in vitro starch digestion profile was determined by a modified Englyst procedure 
(Englyst et al, 1992; Sang and Seib, 2006). Samples (~0.6 g) were mixed with guar gum (50 mg) 
and pepsin (50 mg) in 0.05 M hydrochloric acid (10 mL). Then, sodium acetate solution (0.25 M, 
10 mL) and 30 glass beads (~8.4 g) were added. Guar gum (50 mg) in 0.1 M sodium acetate 
buffer (pH 5.2, 20 mL) and glucose standard solution (20 mL) were used as the blank and 
standard, respectively. After the enzyme (pancreatin and amyloglucosidase) solution (5 mL) was 
added, the mixture was shaken in a water bath (Models 25 and 50, Precision, Winchester, VA) at 
37°C and 90 strokes/min. The enzyme activity of pancreatin from Sigma was 12.9×103 Ceralpha 
Units/g of solid, and the Ceralpha Unit was defined as the amount of α-amylase that releases 
1 µmol/min of p-nitrophenol at pH 5.4 and 40 °C from the non-reducing end-blocked p-
nitrophenyl α-glycoside of maltohepatose in the presence of excess glucoamylase and α-
glucosidase. The enzyme activity of amyloglucosidase from Sigma was 5000 Units/g of solid, 
and one unit was defined as liberating 1.0 mg of glucose from soluble starch in 3 min 
(1.85 µmol/min) at pH 4.5 at 55 °C. The levels of α-amylase and amyloglucosidase used in 
modified Englyst method were about 14.5×103 Ceralpha Units/g starch and 150 Units/g starch, 
respectively.  
At 20 and 120 min intervals, a 250 µL aliquot of the mixture was taken and added into 
66.6% ethanol solution (10 mL). After centrifugation, 100 µL of supernatant was taken, and 
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glucose content was determined by a D-glucose assay procedure with a Megazyme glucose assay 
kit (Megazyme International Ireland Ltd, Wicklow, Ireland). Percentages of rapidly digestible 
starch (RDS), slowly digestible starch (SDS), and resistant (RS) were calculated by (% digestible 
starch at 20 min), (% digestible starch at 120 min - % digestible starch at 20 min) and (100% - % 
digestible starch at 120 min), respectively. 
 Isolation of resistant starch 
At 120 min into the in vitro digestion method, the entire digest of ~ 25 mL was mixed 
with ethanol (100 mL). The sediment was collected by filtration and washed three times with 
distilled water. The residue was dried under room conditions and was called isolated resistant 
starch. 
 Results 
 Degree of debranching and Molecular weight distribution 
 The molecular weight distribution of waxy maize starch at different debranching times is 
shown in Figure 2.1. For samples debranched at 1, 2, 4 and 8 h, three peaks were observed. 
Peaks 1 and 2 represent the unit chains released by debranching whereas Peak 3, ranged from 
about 1.3×104 g/mol (Degree of polymerization, DP 80) to 1×106 g/mol (DP 6,000), corresponds 
to branched molecules. Dividing the sum of areas of Peaks 1 and 2 by the total area of the 3 
peaks gave the percentage of debranched starch at different debranching times (Table 2.1). From 
1 to 24 h, Peaks 1 and 2, predominantly short linear chains (DP about 6-80), increased while 
Peak 3 decreased and disappeared at 16 h. Those short linear chains had similar molecular 
characteristics to amylose and were mainly linked by α-1,4 linkage. Debranching of the starch 
started very rapidly after the isoamylase was added. Two-thirds of the debranching was achieved 
during the first hour. No changes were detected in the molecular weight distribution curve 
between 16 h and 24 h samples, indicating that the waxy maize starch was totally debranched 
within 16 h (Table 2.1). 
 Crystallization and precipitation 
Crystallization occurred at the same time as the release of short-chain amylose (SCA, DP 
about 6-80) from amylopectin during debranching. The percentages of starch precipitate as a 
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function of debranching time are shown in Figure 2.2A. The amount of starch precipitate was 
initially low at 0-4 h, but increased significantly at 4-24 h. The precipitate accounted for about 
two-thirds of the weight of the initial starch after 24 h. If the temperature of the digestion mixture 
was cooled from 50ºC to 25ºC and held for another 24 h, the yield of precipitate increased to 
more than 90% (Figure 2.2A). The remarkable changes from the starch polymer solution at the 
beginning of debranching to the cloudy slurry after 24 h of crystallization at 50°C are depicted in 
Figure 2.2B. The aggregation and growth of crystallized SCA produced particles (Figure 2.2C) 
that could be recovered by filtration with a high yield. 
The effects of incubation time on starch yield can be explained by the conformational 
changes of linear SCA during crystallization. On the molecular level, amylose chains in the 
aqueous solution are known to behave as random coils (Ring et al, 1985), along with some single 
helical structure, which could associate together and form double helices. The further association 
of double helices results in crystallites and aggregates of crystals. Therefore, coil-helix structure 
and formation of double helices from short linear chains appeared to predominate in the first 4 h, 
whereas crystallization and aggregation took place in the following stage. 
 Morphology 
The morphology of waxy maize starch at different debranching times was analyzed by 
TEM. Figure 2.3A shows the morphology of waxy maize starch debranched at the first hour. 
The sample appeared to consist of wormlike objects with 5-10 nm width and 30-80 nm length. 
Aggregates (50-100 nm diameter) composed of semi-crystalline units were detected in the 
following hour (Figure 2.3B).  After 4 h of debranching, particles with 5-30 nm diameter were 
evident, and double helices were probably aggregated (Figure 2.3C). Larger particles or a long-
piece appearance of aggregates were observed after 8 h (Figure 2.3D-F). Therefore, the 
morphology of the SCA during crystallization had three steps: (1) association of starch chains 
into double helixes and forming clustering, wormlike structure, (2) rearrangement of semi-
crystalline units into nano-particles, and (3) growth of particles into large aggregates. 
 Thermal properties 
The thermal properties of native waxy maize starch and the freeze-dried digests of waxy 
maize starch at different debranching times are shown in Figure 2.4 and Table 2.2. Native starch 
was characterized by a sharp endothermic peak at about 65°C to 95°C with an enthalpy of 18.9 
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J/g. After debranching for 1, 2, and 4 h, a broad endothermic peak ranging from about 40°C to 
100°C with enthalpy of 18.5, 18.3, and 20.6 J/g (Figure 2.4 and Table 2.2), respectively, was 
observed, indicating that the materials solidifying at the early stage of debranching had weak 
crystalline structure and a large variation in crystal size and perfection. 
Two endothermic peaks, one ranging from about 43 °C to 90 °C and the other ranging 
from about 99 °C and 138 °C, were observed in the sample debranched for 8 h. After 16 h, only 
one endothermic peak with melting temperature of about 115°C and enthalpy of about 20 J/g was 
detected. Moates et al. (1997) reported that the dissolution temperature of SCA crystallites 
increased form 57°C to 119°C with an increasing chain length in the range of 12 to 55 glucose 
units. In the present study, from 1 h to 24 h, a high percentage of short chains (Peak 1 in Figure 
2.1A) released first and associated into weak crystals, and then more long chains (Peak 2 in 
Figure 2.1A) released with increasing debranching time and formed into crystals with high 
melting temperature. In addition, the long incubation time (24 h) at 50°C also facilitated the 
growth of crystals that required a high temperature to melt. 
 Synchrotron SAXS results 
Figure 2.5A and B shows SAXS patterns of native waxy maize starch and freeze-dried 
digests of waxy maize starch at different debranching times. As reported by Donald et al. (2001a, 
2001b), the 9 nm lamellar peak of native waxy maize starch was absent in a dry state (Figure 
2.5A) but appeared after hydration (Figure 2.5B). The presence of water molecules is thought to 
solvate the amorphous region containing branching points, which enables a decoupling between 
the main backbone of the amylopectin molecules and the side chains. The decoupling allows the 
side chains to be reconciled into order. However, no lamellar peaks were observed for 
debranched samples in dry or hydrated states in this study. This could be due to the lack of 
cluster structure of debranched samples. The released starch chains could be crystallized but 
lacked regularity between crystalline and amorphous regions. 
The log-log plots of SAXS data of native waxy maize starch and freeze-dried digests of 
waxy maize starch debranched at different times are shown in Figure 2.5C and D. According to 
Suzuki et al (1997), the SAXS curves could be interpreted on the basis of fractals with the 
scattering power law: I ~ qα, where I is the scattering intensity and q is the scattering vector. The 
exponent α, which can range from -1 to -4, relates to the fractal characteristics of the scattering 
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objectives. For -4 < α < -3, the scattering source is classified as a surface fractal. The surface 
fractal dimension Ds = 6 + α. For -3 < α < -1, the scattering source is classified as a mass fractal. 
The mass fractal dimension Dm = - α. 
In Figure 2.5C, the slope α of the straight lines in all curves was – 4.0, which is a well-
known behavior described by Porod’s law (Porod, 1951). The α value of samples after 1, 4 and 
16 h of debranching was also – 4.0 (curves not shown). These results suggest that native starch 
and debranched samples were “surface fractal” in a dry state and that scattering was reflected 
from the surface or interface. The surface fractal dimension (Ds) was 2.0 when α = -4.0, 
indicating that the surface of native starch and debranched samples was smooth (Suzuki et al, 
1997).  
In contrast, all debranched samples when hydrated, had slope α of around -2.0 (Figure 
2.5D), suggesting that hydrated starch aggregates were mass fractal and had self-similar structure 
in nature. When water molecules were present, they replaced the air around the starch molecules. 
Because the density of water was much closer to that of the starch than that of air, the scattering 
reflected the inner structure of starch rather than the surface structure. The mass fractal 
dimension (Dm) was 2 for all hydrated, debranched samples. Using small-angle neutron 
scattering, Vallera et al. (1994) reported that amylose gels and sols had Dm of 2.6 and 2.0, 
respectively. It is interesting that the Dm of our hydrated debranched starches, which was 2.0, 
was close to that of amylose sols. The Dm value of our hydrated debranched starches was similar 
to that of gelatinized corn and potato starch, which was estimated to be 2.1 and 1.9, respectively 
(Suzuki et al, 1997).  
In contrast to the hydrated debranched products, the hydrated native starch obeyed the 
power law at q value ranged from 0.06 to 0.2 nm-1 with an exponent of α = -3.7, which could still 
be interpreted as surface fractal structure. The surface of starch granules was too rigid and 
remained smooth in a hydrated state (Suzuki et al, 1997). The inner structure of starch granules 
was masked by the surface scattering. 
 Synchrotron WAXD results 
Figure 2.6 shows WAXD patterns of native waxy maize starch and waxy maize starch at 
different debranching times. In the dry state, the diffraction pattern of waxy maize starch 
debranched at 1, 2, and 4 h was unclear. An A-type crystalline structure was detected for native 
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waxy maize starch and 16 h and 24 h samples. In the hydrated state, a typical B-type structure 
with a peak around 5° (2θ) was observed for samples debranched for 1, 2, and 4 h. It seems that 
B-type crystallization was preferred during the first 8 h of incubation, followed by A-type 
crystallization between 16 and 24 h. This dual-stage crystallization phenomenon was also noted 
during the crystallization of debranched maltodextrin (Pohu et al, 2004a). 
Using line-broadening analysis (Cairns et al, 1997), we estimated the size of crystallites 
in the native waxy maize starch and products debranched at different time (Table 2.3). At 1, 2, 4 
h of debranching, the size of the crystallites was small (< 5 nm in dry state), but dramatically 
increased to ~ 10 nm in dry state (ca. 4% moisture) and ~ 12 nm in hydrated state (45% moisture) 
after 8 h of debranching. 
 In vitro digestion profile 
Table 2.4 shows the in vitro digestion profiles of native waxy maize starch, waxy maize 
starch at different debranching times, and isolated crystalline materials. Native waxy maize 
starch had a very low RS content (<5%). After debranching, RS content increased with time. The 
rate of increase in RS content was slow from 0 to 4 h but significantly increased from 4 to 24 h. 
After 24 h at 50°C, a product with 71.4% RS content was formed. The results confirmed the 
precipitate yield data (Figure 2.2A). The long incubation time resulted in thick, dense crystallites, 
which were characterized as resistant starch. After 24 h of crystallization, the isolated crystalline 
materials had a RS content of 86.9% (Table 2.4).  
It is interesting to note that the changes of RDS and SDS content were not linear with 
debranching time. The SDS content decreased in the first hour of debranching but increased from 
1 to 4 h. During the first 4 h of the reaction, the crystallized particles were small in size and weak 
in crystalline structure (Figure 2.6 and Table 2.3). Alpha-amylase could digest these weak 
crystalline materials, but at a slow rate. After 4 h of reaction, aggregation and crystallization 
increased and the crystallized particles became thick and dense. Alpha-amylase has limited 
access to double helices in the crystalline phase, so RS was formed. Thus, RS formation could be 
characterized as the aggregation and arrangement of double helices from short linear chains in a 
crystalline structure. The differences in enzyme digestion behaviors among debranched waxy 
maize starches suggest that the debranching technique combined with controlled crystallization 
could be used to design the structure of starches with different digestibility. 
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 Molecular origin of RS 
After in vitro digestion, the MW distribution of waxy maize starch debranched at 24 h 
was slightly shifted (Figure 2.1B), suggesting that linear chains with a lower molecular weight is 
more susceptible to enzyme attack. The low MW linear chains (mostly DP <10) was too short to 
form the stable double helices (Gidley and Bulpin, 1987); thus, it failed to aggregate and was 
easily digestible. Lopez-Rubio et al. (2008) reported that the average characteristic dimension of 
RS crystals was ~ 5 nm, which corresponds to 2.2 helix turns, with ~13 glucose per helix. For 
waxy maize starch, the chain length (CL) distribution was peaked at DP 16 as determined by 
high-performance anion-exchange chromatography (Cai and Shi, 2010). The size of the 
crystallites in the final crystallized product was ~14.5 nm (Table 2.3). The nature of the RS 
product in this work was attributed to its dense crystalline structure and compact morphology. 
Pohu et al. (2004b) suggested an epitaxial growth of elementary crystalline A-type platelets for 
the origin of the α-amylase resistance of debranched maltodextrin. The accessibility of double 
helices to α-amylase was strongly limited by aggregation. 
In this study, the RS product produced from the debranching of waxy maize starch had a 
relatively low DP which was assembled into a highly crystalline structure. In contrast, high 
amylose starch contains long linear molecules. Lopez-Rubio et al. (2008) noted a significant 
increase in molecular order and crystallinity when extruded high amylose starches were digested 
by α-amylase and glucoamylase, suggesting that during the digestion process, amylose chains 
were rearranged into enzyme-resistant structures of higher crystallinity. In that case, two 
competing factors, the kinetics of enzyme hydrolysis and the kinetics of amylose retrogradation, 
determine the resistance to enzyme digestion of a specific processed starch (Lopez-Rubio et al, 
2008).  
 Discussion 
There are two challenges when waxy maize starch is debranched at high solids content 
(25%, w/w). First, the slurry may become very viscous during gelatinization. In this study, a 
pressure cooker coupled with mechanical stirring was used to totally gelatinize the starch and 
perform the debranching reaction. Second, amylose can either precipitate or form a gel (network). 
When the amylose concentration is higher than 1.5%, amylose gels can be formed (Gidley, 1989). 
Therefore, conditions that led to crystallization instead of gelation were required. Increasing the 
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mobility of starch chains at 50°C helped to achieve this goal. With continuous stirring, the 
resulting products could be recovered by filtration, which made them practical for large-scale 
production. 
Depending on CL, concentration, temperature and solvent used, amylose can be 
crystallized from solution to form gels, aggregates, precipitates, spherulites or lamellar crystals 
with A or B allomorphic type (Buleon et al, 2007). Combining debranching of starch with 
controlled crystallization provides a practical way of producing A- and B-type crystalline 
starches with different morphologies. In this study, the crystallization behaviors of debranched 
waxy maize starch were investigated in a concentrated solution (25%, w/w). After crystallization 
at 50°C, debranched starch with an A-type X-ray diffraction pattern and high RS content (71.4%) 
was obtained. In contrast, when a low starch concentration (5%, w/w) was used, debranching of 
waxy maize starch at 50°C followed by crystallization at 25°C resulted in crystalline short-chain 
amylose with a B-type X-ray pattern (Cai and Shi, 2010). Our results were in agreement with 
previous findings on debranched glycogen (Gidley and Bulpin, 1987) and amylodextrin 
(Hizukuri, 1961) that A-type polymorph is favored by high concentration and high temperature. 
However, the exact solid concentration and crystallization temperature needed to produce A- or 
B-type polymorph were different for different materials. For instance, A-type crystals were 
produced from debranched glycogen by crystallization at 30°C with 50% solids (Gidley and 
Bulpin, 1987). The average CL of debranched glycogen was 11.2 (Gidley and Bulpin, 1987), 
much shorter than the debranched waxy maize starch (average CL 24.1) (Cai and Shi 2010). 
Indeed, CL is of primary importance in determining the type of polymorph formed during 
crystallization (Gidley and Bulpin, 1987; Hizukuri et al., 1983; Pfannemuller, 1987). Moreover, 
the yield of crystalline short-chain amylose increases as the CL increases (Cai and Shi, 2010). 
The yield of A-type crystalline debranched glycogen is 52% after crystallization at 30°C for 10-
14 days (Gidley and Bulpin, 1987). In comparison, in this study, the yield of crystalline SCA was 
greater than 90% after debranching and crystallization of waxy maize starch at 50°C for 24 h 
followed by precipitation at 25° for 6 h (Figure 2.2A). The remarkable high yield and possible 
recovery by filtration make the large production of SCA from debranched waxy maize starch 
feasible. 
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 Conclusions 
The simultaneous debranching of waxy maize starch and solidification of debranched 
products at a high solid content were investigated for the first time by combined analytical 
techniques. SCA crystallized upon release from amylopectin during debranching. A RS product 
with an A-type crystalline structure, high melting temperature (90°C to 140°C), and high RS 
content (71.4%) was obtained. The yield of the crystallized product was ca. 90% after the starch 
was completely debranched at 50°C and further precipitated at 25°C. Combining debranching 
techniques with controlled crystallization may be used to design the structure of starch with 
targeted digestibility. Further research is needed to determine health impact of starches with 
different digestibility. 
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Table 2.1  Percentage of debranched starch at different debranching times A 
Time (h) 1 2 4 8 16 24 
Percentage of debranching (%) 68±2.8 75±1.4 80±2.0 89±1.8 100 100 
A Mean ± standard deviation values are reported.
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Table 2.2 Thermal properties of native waxy maize starch and waxy maize starch debranched at different times as determined 
by differential scanning calorimetry A 
Peak 1 Peak 2 
samples 
To(°C) Tp(°C) Tc(°C) ∆H(J/g) To(°C) Tp(°C) Tc(°C) ∆H(J/g) 
native 64.3±0.3 73.5±0.1 94.6±0.1 18.9±0.1 - - - - 
1 h 42.3±0.1 73.4±1.9 86.9±0.6 18.5±0.2 - - - - 
2 h 44.4±1.2 69.6±1.1 90.1±0.4 18.3±0.3 - - - - 
4 h 42.7±0.1 73.6±0.3 99.5±0.5 20.6±0.1 - - - - 
8 h 43.3±0.1 68.5±3.1 89.7±2.2 10.9±0.1 99.3±2.1 114.4±1.4 137.8±0.4 8.3±0.0 
16 h - - - - 92.9±0.5 113.6±0.9 138.7±0.4 19.2±0.4 
24 h - - - - 92.3±0.3 114.0 ±0.2 141.8±0.5 20±0.2 
A Mean ± standard deviation values are reported. 
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Table 2.3 Average size of polymorph crystallites of native waxy maize starch and waxy 
maize starch debranched at different times as determined by wide-angle X-ray diffraction 
Size (nm) 
Samples 
Powder (ca. 4% moisture) Hydrated (45% moisture) 
Native starch a 8.1 9.4 
Debranched   
1 h 3.8 9.7 
2 h 4.0 8.8 
4 h 4.8 8.5 
8 h 10.3 12.4 
16 h 9.5 14.8 
24 h 9.8 14.5 
a  The moisture of native waxy maize starch powder was about 11%. 
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Table 2.4 Levels of rapidly digestible starch (RDS), slowly digestible starch (SDS), and 
resistant starch (RS) content in native waxy maize starch, debranched waxy maize starch 
produced at different times at 50°C and isolated crystalline materials A 
 
Samples RDS (%) SDS (%) RS (%) 
Native starch 29±0.4 66.7±0.4 4.3±0.8 
Debranched    
1h 59.8±0.3 32.9±1.4 7.3±1.7 
2h 58.5±1.7 31.5±0.5 10±1.2 
4h 43.5±0.3 38.9±0.6 17.6±0.9 
8h 33.9±1.1 23.3±0.3 42.8±1.4 
16h 25.1±0.4 8.3±0.9 66.6±0.5 
24h 22.5±0.3 6.1±0.1 71.4±0.4 
Isolated crystalline 
materials a 
4.9±0 8.2±0.8 86.9±0.8 
A Mean ± standard deviation values are reported. 
a Isolated crystalline materials were obtained by filtering debranched waxy maize starch 
product after 24 h of crystallization and drying at 40°C in an oven over night. 
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Figure 2.1 Molecular weight distribution of (A) waxy maize starch (25% solids) 
debranched and crystallized at 50°C at different times, and (B) waxy maize starch 
debranched and crystallized at 50°C for 24 h and its corresponding isolated resistant starch 
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Figure 2.2 (A) Yield of starch precipitate based on the weight of waxy maize starch at 
different debranching times;  crystallization at 50°C;  crystallization at 25°C after 
the debranched starch was crystallized at 50°C for 24 h; (B) Starch polymer solution at the 
beginning of debranching and cloudy slurry after 24 h of crystallization at 50°C; and (C)  
SEM images of waxy maize starch debranched and crystallized at 50°C for 24 h recovered 
by filtration and drying in an oven at 40°C 
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Figure 2.3 Transmission electron microscopic images of waxy maize starch (25% solids) 
debranched at different times at 50°C: (A) 1 h, (B) 2 h, (C) 4 h, (D) 8 h, (E) 16 h, and (F) 24 
h 
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Figure 2.4 Thermal properties of native waxy maize starch and waxy maize starch 
debranched at different times as determined by differential scanning calorimetry 
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Figure 2.5 Small-angle X-ray scattering of native waxy maize starch and freeze-dried 
digests of waxy maize starch debranched and crystallized at 50°C at different times with (A) 
4% moisture (except that native starch was 11% moisture), (B) 45% moisture; (C) log-log 
plots, 4% moisture (except that native starch was 11% moisture) and (D) log-log plots, 
45% moisture 
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Figure 2.6 Wide-angle X-ray diffraction of native waxy maize starch and freeze-dried 
digests of waxy maize starch debranched and crystallized at 50°C at different times with (A) 
4% moisture (except that native starch was 11% moisture) and (B) 45% moisture 
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Chapter 3 - Structure and digestibility of crystalline short-chain 
amylose from debranched waxy wheat, waxy maize and waxy potato 
starches* 
 Abstract 
 The structure and digestibility of crystalline short-chain amylose (CSCA) from 
debranched waxy wheat, waxy maize, and waxy potato starches were investigated and compared. 
The starches (5%, w/w) were cooked in acetate buffer (pH 4.0) and debranched by isoamylase at 
50°C. After 24 h, the mixture was cooled and held at 25°C for another 24 h. Debranched waxy 
potato starch had a longer average chain length than debranched waxy wheat and waxy maize 
starches, resulting in a higher yield of crystallized product. All CSCA products displayed a B-
type X-ray diffraction pattern, indicating that low solids concentration (5%) favored the 
formation of B-type crystals. CSCA from debranched waxy potato starch had a higher peak 
melting temperature (116.2°C) and higher resistant starch content (77.8%) than that from 
debranched waxy wheat and waxy maize starches, suggesting that waxy potato starch is a 
preferred starting material to prepare products with high resistant starch content by debranching 
and crystallization.  
 Introduction 
Starch, an abundant natural polysaccharide, normally consists of two types of α-D-
glucose polymers: amylose and amylopectin. Amylose is an essentially linear polymer with few 
branches, whereas amylopectin has a highly branched structure in which branch chains are linked 
to the linear chains by α-(1, 6)-linkages (Hizukuri et al, 2006; Tester et al., 2004). Under specific 
conditions, amylopectin can be debranched in the presence of debranching enzymes (e.g. 
isoamylase and pullulanse). The chain length (CL) distribution of debranched amylopectin is 
highly related to its crystalline polymorphs (Hizukuri, 1985). In general, B-type starches have 
long branch chains of amylopectin, whereas A-type starches have a large amount of short chains 
                                                 
*Chapter 3 is published as a part of Cai, L., & Shi, Y-C. (2010). Carbohydrate Polymers, 
79, 1117-1123. 
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with a degree of polymerization (DP) of 6-12 (Hanashiro et al., 1996). The distinct branch CL 
distributions of amylopectin from A- and B- type starches affect their functional properties, such 
as gelatinization (Jane et al., 1999), retrogradation (Silverio et al., 2000), pasting properties (Jane 
and Chen, 1992; Srichuwong et al., 2005b), and acid and enzyme hydrolysis (Fredriksson et al., 
2000; Srichuwong et al., 2005a). 
Compared with waxy maize and waxy wheat (Chibbar and Chakraborty, 2005; 
Graybosch, 1998; Guan et al., 2009), waxy potato (Jeffcoat et al., 2002; Visser et al., 1997a, b) 
are relatively new and of great interest to the food and starch industries. However, the 
crystallization behaviors of debranched waxy wheat and waxy potato starches have not been 
reported. In contrast, waxy sorghum (Shin et al., 2004), waxy rice (Guraya et al., 2001a, b), and 
waxy maize (Berry, 1986; Miao et al., 2009; Shi et al., 2005a, b, 2006) starches have been 
debranched and crystallized to prepare slowly digestible starch (SDS) and resistant starch (RS). 
Waxy wheat and waxy maize starches are cereal starches with short branch chains and an A-type 
X-ray diffraction pattern whereas waxy potato starch contains long branch chains and displays a 
B-type pattern (McPherson and Jane, 1999). The objective of this work was to investigate the 
effects of CL and starch sources on the properties of short-chain amylose derived from waxy 
wheat, waxy maize, and waxy potato starches. The three starches were completely debranched 
and crystallized. The CL distributions, crystalline structure, thermal properties, and digestion 
behaviors of the crystalline short-chain amylose (CSCA) products were determined. This 
information will be useful for better designing starch-based food ingredients with improved 
health benefits. 
 Materials and methods 
 Materials  
Waxy wheat starch was isolated from hard waxy wheat flour as described by Guan et al. 
(2009). Waxy maize starch was obtained from National Starch Food Innovation (Bridgewater, 
NJ, USA). Waxy potato starch was provided by Penford Food Ingredients Company (Centennial, 
CO, USA). Isoamylase (EC 3.2.1.68) was obtained from Hayashibara Biochemical Laboratories, 
Inc. (Okayama, Japan) and had an enzyme activity of 1.41 × 106 isoamylase activity units 
(IAU)/g. The enzyme activity was determined by incubating the enzyme with soluble waxy 
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maize starch as a substrate in the presence of iodine for 30 min at pH 3.5 and 40°C and 
measuring the absorbance of the reaction mixture at 610 nm (FAO JECFA Monographs, 2007). 
One IAU is defined as the amount of isoamylase that increased absorbance of the reaction 
mixture by 0.008 in 30 min under the conditions of the isoamylase assay.  
 Debranching of starch and preparation of CSCA 
Starch (5 g, dry basis) was mixed with 95 mL acetic acid buffer (0.01 M, pH 4.0) in a 
sealed glass bottle and cooked in a boiling water bath with stirring for 1 h. After the mixture was 
cooled to 50°C, 1% isoamylase based on the dry weight of starch was added. The mixture was 
kept at 50°C with stirring. After 24 h, the mixture was cooled to 25°C and held for another 24 h 
to increase the yield of crystallites. The precipitates (CSCA products) were filtered, washed with 
water, and dried at 40°C in an oven overnight. The yield was calculated by dividing the weight 
of the precipitates over the weight of the starting starch. 
In separate experiments, each starch was debranched as described above and the whole 
debranched product including solubles and precipitates was freeze-dried. To confirm that the 
starch was completely debranched, the freeze-dried debranched starch (20 mg) was weighed into 
a 10-mL vial, mixed with 2 mL of a mixture of DMSO and water (9:1, w/w), and cooked in a 
boiling water bath with magnetic stirring for 15 min. After the mixture was cooled to room 
temperature, acetic acid buffer (6.98 mL, 0.01 M, pH 4.0) and isoamylase (2 µL) were added 
(Shi et al, 1998). The mixture was kept at 50°C with stirring for 24h. After that, 2 mL of the 
mixture was taken and mixed with 2 mL DMSO, and analyzed by GPC. 
 Gel permeation chromatography (GPC) 
The details of GPC were previously described in Chapter 2. 
 High-performance anion-exchange chromatograph (HPAEC) 
CL distributions of debranched waxy starches and CSCA products were quantitatively 
analyzed using a HPAEC (Dionex ICS-3000, Dionex Corp., Sunnyvate, CA, USA) equipped 
with a pulsed amperometic detector, a guard column, a CarboPacTM PA1 analytical column and 
an AS-DV autosampler. The eluents were prepared as described previously (Shi and Seib, 1992). 
Eluent A was 150mM NaOH and eluent B was 150mM NaOH containing 500mM sodium 
acetate. The gradient program was as followed: 40% of eluent B at 0 min, 50% at 2min, 60% at 
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10min, and 80% at 40min. The separations were carried out at 25°C with a flow rate of 1 
mL/min. The concentration of debranched starches and CSCA products was 2 mg/mL in 1 M 
NaOH solution. Maltohexaose and maltoheptaose (Sigma-Aldrich, Inc., St.Louis, MO, USA) 
were used as standards.  
 Average CL determination 
Average CL was determined by the Nelson/Somogyi reducing sugar method (Nelson, 
1944; Robyt and Whelan, 1968; Somogyi, 1952). Because the CSCA products could not be 
completely dissolved in boiling water, each starch sample was dissolved in 1.25 N sodium 
hydroxide, neutralized by hydrochloride acid, and analyzed for reducing sugar. 
 Wide-angle X-ray diffraction   
X-ray diffraction was conducted with a Philips X-ray diffractometer with Cu-Ka 
radiation at 35 kV and 20 mA, a theta-compensating slit, and a diffracted beam monochromator. 
The moisture of all samples was adjusted to about 18% in a sealed dessicator at room 
temperature before analysis. The diffractograms were recorded between 2 and 35° (2θ). Relative 
crystallinity was estimated by the ratio of the peak areas to the total diffractogram area (Komiya 
and Nara, 1986). 
 Differential scanning calorimetry (DSC) 
The parameters of DSC and sample scanning program were described in Chapter 2. 
 In vitro digestion method 
The in vitro digestion test was determined by a modified Englyst procedure that was 
described in Chapter 2. 
 Statistical analysis 
Data were analyzed by an analysis of variance (ANOVA) procedure with Tukey’s 
studentized range (HSD) test using SAS version 9.1 (SAS Institute Inc., Cary, NC, USA). Mean 
values from the duplicated experiments were reported.  
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 Results and discussion 
 Molecular weight distribution by GPC 
The molecular weight (MW) distributions of debranched waxy wheat, waxy maize, waxy 
potato starches and their CSCA products as determined by GPC are shown in Figure 3.1. A 
bimodal distribution of low and high MW peaks, designated Peak 1 and Peak 2 respectively, was 
observed for all debranched starches and CSCA products. The area and percentage of each peak 
were calculated and reported in Table 3.1. Waxy wheat starch had a large proportion of the low 
MW fraction (i.e. short side chains in amylopectin) (Figure 3.1A). Debranched waxy wheat and 
waxy mazie starches had a similar ratio of area of Peak 1 to Peak 2, In contrast, debranched 
waxy potato starch had a distinct MW distribution (Figure 3.1A), and the proportion of the low 
MW fraction was much lower compared with debranched waxy wheat and waxy mazie starches 
(Table 3.1). These results are consistent with the fact that side chains of amylopectin in a B-type 
starch are longer than those in A-type starch (Hanashiro et al., 1996; Hizukuri, 1985; Jane et al., 
1999). 
Compared with parent debranched starches, the MW distribution curves of all CSCA 
products shifted to higher molecular weight (Figure 3.1B) and the proportion of the low MW 
fraction (Peak 1) decreased (Table 3.1). CSCA products from debranched waxy wheat and waxy 
maize starches showed a similar MW distribution, whereas CSCA product from debranched 
waxy potato starch had a distinct MW distribution (Figure 3.1B) and a small proportion of the 
low MW fraction (Table 3.1). 
To confirm that the three waxy starches were completely debranched, the freeze-dried 
whole debranched starch samples were further debranched by isoamylase. No change in MW 
distribution was observed (data not shown), indicating that the whole debranched starch 
molecules were linear. 
 CL distribution 
The CL distributions of debranched starches and their CSCA products as determined by 
HPAEC are shown on Figure 3.2. The debranched waxy wheat starch had a higher proportion of 
chains with DP 6-19 and a lower proportion of chains with DP 20-67 than its CSCA product 
(Figure 3.2A). Similar trend was observed for debranched waxy maize and waxy potato starches 
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and their corresponding CSCA products (Figure 3.2B and C). These results suggested that the 
chain length of the CSCA products were longer than that of their parent debranched starches. 
This increase in chain length of CSCA was attributed to the preferential crystallization and 
precipitation of long chains. According to Gidely and Bulpin (1987), the minimum CL required 
to form starch double helices is 10. During debranching and crystallization, a fraction of low 
molecular amylose (mostly DP < 10) was too short to form the stable double helices and 
remained in the solution. In this study, the CL distribution of the CSCA was peaked at around 
DP 16 (Figure 3.2). 
 Yield and average CL  
The yields and average CLs of debranched starches and their corresponding CSCA 
products are listed in Table 3.2. Debranched waxy potato starch gave a higher yield (72.6%) 
than debranched waxy wheat (58.7%) and waxy maize (60.7%) starches. The average CLs of 
debranched waxy wheat, waxy maize, and waxy potato starches were 21.8, 24.1, and 32.1 
glucose units, respectively. Our results suggested that B-type starch with a longer CL yield more 
CSCA than A-type starches. Using amylose with different average DPs ranging from 40 to 610, 
Eerlingen et al (1993) reported that the yield of enzyme RS was correlated with the DP of 
amylose. However, the isolated RS fractions consisted of short chains (average DP between 19 
and 26) and were independent of the CL of the starting amylose used.  
The average CLs of CSCA products from debranched waxy wheat, waxy maize, and 
waxy potato starches were 28.1, 29.2, and 35.5 glucose units, respectively, larger than those of 
the whole starches. The results were in agreement with the MW distribution (Figure 3.1 and 
Table 3.1) and CL distribution (Figure 3.2) data.  
 Crystalline structure 
Native waxy wheat and waxy maize starches showed the A-type crystalline structure, 
whereas waxy potato starch displayed the B-type X-ray diffraction pattern (Figure 3.3). The 
degree of crystallinity of all three native starches was around 40%. Among the three CSCA 
products, the one produced from debranched waxy potato starch gave a stronger peak at 2θ of 5° 
and the two peaks between 13-15° 2θ were better resolved (Figure 3.3), suggesting that long 
chains form a stronger crystalline structure more readily than short chains. 
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After debranching and crystallization, a typical B-type structure was observed for all 
CSCA products. The results followed the general “rules” of short-chain amylose crystallization, 
namely, shorter CL, higher concentration, and higher temperature favor the formation of A-type 
crystallites, whereas the reverse conditions induce B-type crystallization (Buleon et al., 2007; 
Gidley and Bulpin, 1987; Lebail et al., 1993; Pfannemuller, 1987; Ring et al., 1987; Whittam et 
al., 1990). In this study, a dilute starting concentration (5% solid) was used, which led to the 
formation of B-type crystalline structure. In another study, short-chain amylose from debranched 
waxy maize starch formed an A-type crystalline structure when debranched at 25% solids and 
crystallized at 50°C (Cai et al, 2010). Continued research is being conducted to investigate the 
debranching and crystallization of these waxy starches at a high solid content and to manipulate 
temperature, CL, and starch solid content to produce highly pure A- and B-type crystallites and 
then determine their digestibility (Chapter 5).  
 Thermal properties 
Native waxy wheat, waxy maize, and waxy potato starches were characterized with a 
sharp endotherm peak at 67.8, 73.5, and 70.4°C and an enthalpy of 15.6, 18.9, and 18.3 J/g, 
respectively (Figure 3.4 and Table 3.3). An endothermic peak that ranged from 80°C to 140°C 
was observed for all three CSCA products, revealing the formation of crystalline structure during 
the starch debranching. The large melting temperature range was due to the broad chain length 
distributions in the CSCA products. In a study by Moates et al. (1997), the dissolution 
temperature of short-chain amylose crystals increased from 57°C to 119°C with increasing CL 
from 12 to 55 residues. In the present study, the average CL of the CSCA products from waxy 
wheat, waxy maize and waxy potato starches was 28.1, 29.2 and 35.5, respectively (Table 3.2). 
The CSCA from debranched waxy potato starch displayed a higher peak melting temperature 
(116.2°C) than those from debranched waxy wheat (99.7°C) and waxy maize (99.9°C) starches 
(Table 3.3). The difference in melting properties was due to the longer chains generated from 
debranched waxy potato starch, which formed stronger double helices than the shorter chains in 
debranched waxy wheat and waxy maize starches.  
 In vitro digestion 
The in vitro digestion profiles of waxy wheat, waxy maize, and waxy potato starches and 
their corresponding CSCA products are given in Table 3.4. Native waxy wheat starch and waxy 
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maize starch had high RDS (33.1% and 29.0%, respectively) and low RS content (0.4% and 
4.3%, respectively). In contrast, native waxy potato starch contained very low RDS (1.2%) and 
high RS content (88.5%). It is well known that native normal potato starch and high amylose 
maize starches, both having B-type X-ray diffraction patterns, are more resistant to α-amylase 
digestion than those starches with an A-type pattern (Dreher et al., 1984; Evans and Thompson, 
2004; Gallant et al., 1997; Gerard et al., 2001; McCleary and Monaghan, 2002; Oates, 1997). In 
the present study, it was observed again that native waxy potato starch, which had a B-type X-
ray diffraction pattern, was more resistant to enzyme digestion than cereal waxy starches with an 
A-type pattern. The underlying reasons of the above observations, however, are still not well 
understood. Gallant et al. (1997) noted that granules of normal potato starch and high-amylose 
maize starch appear to have a thick peripheral layer of large stacked “blocklets”. The enzyme 
resistance of these B-type starches may be linked to their large blocklet size. The “blocklets” 
comprises of both crystalline and amorphous lamellae of amylopectin that are organized in larger, 
more or less spherical structures. However, as pointed out by Gallant et al. (1997), wrinkled pea 
starch has a smaller blocklet size than smooth pea, but it is more resistant to enzyme digestion 
(Gallant et al 1992), indicating that other factors besides blocklet size determine the resistance to 
α-amylase. Zhang et al. (2006) suggested that the pores and channels in waxy and normal cereal 
starches are large enough for enzymes to enter into the starch granules and allow enzymes to 
digest starch granules in a side-by-side mechanism. B-type starches without pores are more 
resistant to enzyme digestion. In addition, waxy wheat and waxy maize starches had a high level 
of SDS content (Table 3.4). The supramolecular A-type crystalline structure, including both the 
crystalline lamellae and the amorphous lamellae, has been linked to the slowly digestion property 
of A-type cereal starches (Zhang et al., 2006).  
Comparing the digestibility of the native starches and the CSCA products (Table 3.4) 
reveals interesting results. The CSCA products from debranched waxy wheat and waxy maize 
starches contained a much higher RS content (67.7% and 68.1%, respectively) than the native 
cereal starches, which were not resistant to enzyme digestion. In the case of waxy potato starch, 
both native waxy potato starch and its CSCA product had high RS content but they belong to 
different types of RS (Englyst et al., 1992) and have different thermal stability (Figure 3.4 and 
Table 3.3). Native potato granular starch is classified as a type 2 RS whereas CSCA has no 
granular structure and is considered a type 3 (cooked and crystallized) RS product. The enzyme 
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resistance was due to the granular structure in native waxy potato starch but largely attributed to 
the dense crystalline structure in the CSCA products. It is known that even though native normal 
potato starch has greater than 70% RS content, its RS content is reduced to less than 1% after 
boiling (Evans and Thompson, 2004). Similarly results would be expected for waxy potato starch 
because its gelatinization temperature was below 90°C and the granular structure would be lost 
during cooking. In contrast, the CSCA from waxy potato starch had a much higher peak melting 
temperature (116.2°C), suggesting that the product would have better thermal stability and more 
potential applications because of its high melting temperature (Figure 3.4 and Table 3.3).  
Among the three CSCA products, the one from debranched waxy potato starch had the 
lowest RDS content and highest RS content (Table 3.4). Those results were consistent with the 
yield and chain length data (Table 3.2), indicating that double helices formed from longer chains 
were more resistant to enzyme digestion. 
Lopez-Rubio et al (2008) reported that the average characteristic dimension of the RS 
crystals was about ≈5 nm, suggesting that enzyme resistant crystals are formed from chains with 
a maximum DP of ≈13 for double helices (2.2 helix turns) with potential amorphous fringed ends. 
In this study, the CL distribution of the CSCA was peaked at around DP 16 (Figure 3.2). As a 
result, a highly dense crystalline structure was formed and became resistant to enzyme digestion.  
 Conclusions 
CSCA prepared from debranched waxy wheat, waxy maize, and waxy potato starches 
were studied and compared for the first time in this study. Waxy potato starch is the preferred 
starch to make a product with high RS content by debranching and crystallization. Debranched 
waxy potato starch had a higher average CL than debranched waxy wheat and waxy maize 
starches, which resulted in a higher yield of crystallized product with stronger crystalline 
structure, higher peak melting temperature, and higher RS content. These differences suggest 
that the double helices formed from the longer chains in waxy potato starch are stronger, more 
resistant to enzyme hydrolysis, and have better thermal stability.  
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Table 3.1 Molecular weight distributions of debranched waxy wheat, waxy maize, waxy 
potato starches and their crystalline short-chain amylose (CSCA) products  
Waxy wheat Waxy maize Waxy potato 
Starch samples 
Peak 1 Peak 2 Peak 1 Peak 2 Peak 1 Peak 2 
Peak area (%)       
Debranched starch 79.8 20.2 74.2 25.8 56.5 43.5 
CSCA 63.9 36.1 64.4 35.6 45.6 54.4 
DPMaxa       
Debranched starch 8  9  10 35 
CSCA 13  11  12 35 
a DPmax = degree of polymerization at the peak. 
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Table 3.2 Yields and average chain lengths (CL) of debranched waxy wheat, waxy maize, 
waxy potato starches and their corresponding crystalline short-chain amylose (CSCA) 
products A, B 
Debranched Starch samples 
Average CL 
(whole starch) 
Average CL 
(CSCA products) 
Yield of CSCA 
(%) 
Waxy wheat starch 21.8b 28.1b 58.7b 
Waxy maize starch 24.1b 29.2b 60.7b 
Waxy potato starch 32.1a 35.5a 72.6a 
A Yield of CSCA (%) = (WPrecipitate / WStarch) × 100. 
B Values with the same letter in the same column are not significantly different (p < 0.05). 
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Table 3.3 Thermal properties of waxy wheat, waxy maize, waxy potato starches and 
debranched crystalline short-chain amylose (CSCA) products as determined by differential 
scanning calorimetry A, B 
Native starches CSCA products 
Samples 
To(°C) Tp(°C) To(°C) ∆H(J/g) To(°C) Tp (°C) Tc(°C) ∆H(J/g) 
Waxy wheat 59.7c 67.8c 92.9b 15.6b 83.4a 99.7b 136.4a 18.3b 
Waxy maize 64.3a 73.5a 94.6a 18.9a 76.7b 99.9b 135.9a 18.6ab 
Waxy potato 62.5b 70.4b 89.1c 18.3a 80.8ab 116.2a 133.8a 19.2a 
A The ratio of sample (dry basis) and water was 1:3. 
B Values with the same letter in the same column are not significantly different (p < 0.05). 
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Table 3.4 Levels of rapidly digestible starch (RDS), slowly digestible starch (SDS), and 
resistant starch (RS) in waxy wheat, waxy maize, waxy potato starches and debranched 
crystalline short-chain amylose (CSCA) products A, B 
Native starches CSCA products 
Samples 
RDS (%) SDS (%) RS (%) RDS (%) SDS (%) RS (%) 
Waxy wheat starch 33.1a 66.5a 0.4c 18.6a 13.7a 67.7b 
Waxy maize starch 29.0a 66.7a 4.3b 17.5a 14.4a 68.1b 
Waxy potato starch 1.2b 10.3b 88.5a 13.5b 8.7b 77.8a 
A RS% = 100% - RDS% - SDS%. 
B Values with the same letter in the same column are not significantly different (p < 0.05). 
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Figure 3.1  Molecular weight distributions of (A) debranched waxy wheat, waxy maize, and 
waxy potato starches; (B) crystalline short-chain amylose (CSCA) products from 
debranched waxy wheat, waxy maize and waxy potato starches 
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Figure 3.2  Chain length distributions of (A) debranched waxy wheat starch and its CSCA 
product; (B) debranched waxy maize starch and its CSCA product; (C) debranched waxy 
potato starch and its CSCA product 
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Figure 3.3 X-ray diffraction patterns of waxy wheat, waxy maize, waxy potato starches and 
debranched crystalline short-chain amylose (CSCA) products 
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Figure 3.4 Differential scanning calorimetry thermograms of waxy wheat, waxy maize, 
waxy potato starches and debranched crystalline short-chain amylose (CSCA) products 
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Chapter 4 - Study on melting and crystallization of short-chain 
amylose by in situ synchrotron wide-angle X-ray diffraction 
 Abstract 
In-situ melting and crystallization of short-chain amylose (SCA) from debranched waxy 
starches were investigated by synchrotron wide-angle X-ray diffraction (WAXD). Amorphous 
SCA was prepared by dissolving completely debranched waxy wheat, waxy maize and waxy 
potato starches into alkaline solution and neutralized by hydrochloric acid. When hydrated with 
about 50% water at 25°C, all amorphous SCA crystallized immediately and gave a B-type X-ray 
diffraction pattern. The hydrated SCA paste was heated from 25 to 100°C at 10°C/min, held for 
5min, and cooled to 25°C at 10°C/min. The whole heating and cooling process was monitored by 
WAXD. The SCA from debranched waxy potato starch had higher average chain length, higher 
melting temperature, but relatively lower crystallinity upon hydration. It was not completely 
melted at 100°C and remained its original B-type polymorph during rapid cooling. In contrast, 
the SCA from debranched waxy wheat and waxy maize starch had a large portion of low 
molecular weight fraction, a higher crystallinity upon hydration but a lower melting temperature. 
These differences suggest that amylopectin short chains crystallized more readily but their 
crystals were weaker than those of long chains. After the SCA from waxy wheat and waxy maize 
starches was melted, it reformed into an A-type polymorph under rapid cooling. The thermal 
properties as determined by differential scanning calorimetry showed that the A-type polymorph 
of debranched waxy wheat and waxy maize starches had a higher melting temperature (ca. 
120°C) than their B-type structure (ca. 90°C). 
 Introduction 
Wide-angle X-ray diffraction (WAXD) using synchrotron radiation has been developed 
as a tool for analysis of polymers (Riekel and Davies, 2005). This method has advantages over 
the conventional WAXD such as high intensity of radiation and short acquisition time, and 
enables experiments under real-time conditions (Ezquerra et al, 2009). Synchrotron WAXD has 
been applied to study ultrastructure of starch (Buleon et al, 1998), gelatinization behaviors 
(Gebhardt et al, 2007), and amylose-lipid interactions (Derycke et al, 2005). Monitoring 
structural changes of starch during heat treatment (Cagiao et al, 2004), and allomorphic 
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transition of native starch and amylose spherocrystals (Nishiyama et al, 2010) by using in situ 
synchrotron WAXD were also reported. 
In present work, melting and crystallization of short-chain α-glucans from debranched 
waxy wheat, waxy maize and waxy potato starches were investigated in real time by synchrotron 
WAXD. Waxy wheat, waxy maize and waxy potato starches have different unit chain length 
distributions (Cai and Shi, 2010). The objectives were to study effects of crystallization 
temperature and chain length on the dynamic changes of SCA polymorphs and gain insight into 
the mechanism of starch retrogradation. 
 Materials and methods 
 Materials 
Waxy wheat starch was isolated from hard waxy wheat flour as described by Guan et al. 
(2009). Waxy maize starch was provided by National Starch LLC (Bridgewater, NJ, USA). 
Waxy potato starch was obtained from Penford Food Ingredients Company (Centennial, CO, 
USA). Isoamylase (EC 3.2.1.68, enzyme activity: 1.41 × 106 IAU/g, 1 IAU is defined as the 
amount of isoamylase that increased absorbance of the reaction mixture by 0.008 in 30 min 
under the conditions of the isoamylase assay) was obtained from Hayashibara Biochemical 
Laboratories, Inc. (Okayama, Japan). 
 Starch debranching and preparation of SCA 
Starch (5 g, dry basis) was mixed with 95 mL acetic acid buffer (0.01 M, pH 4.0) in a 
sealed glass bottle and cooked in a boiling water bath with stirring for 1 h. After the mixture was 
cooled to 50°C, 1% isoamylase based on the dry weight of starch was added. The mixture was 
kept at 50°C with stirring. After 24 h, the mixture was freeze-dried and saved as SCA product. 
This product was confirmed to be linear and completely debranched (Cai and Shi, 2010).  
 Preparation of amorphous SCA 
SCA (0.5g, db) was dissolved in 5 mL 1M NaOH solution and neutralized by 5 mL 1M 
HCL acid. The mixture was slowly added into 150 mL ethanol with continuous stirring. The 
beaker was put into the refrigerator overnight to facilitate the precipitation. After centrifuge three 
times, the supernatant was decanted and the precipitate was collected and vacuum dried. The 
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dried amorphous SCA was then gently ground with a pestle and mortar. In order to prove that 
salts have no effects on the products, 5 mL 1M NaOH was neutralized by 5 mL 1M HCl, and 
added to 150 mL ethanol with continuous stirring, and stored at 4°C, no precipitation was 
observed. 
 Synchrotron WAXD 
Synchrotron WAXD experiment was carried out at the Advanced Polymers Beamline 
(X27C) in the National Synchrotron Light Source, Brookhaven National Laboratory, in Upton, 
NY. The details of the experimental setup at the X27C beamline have been reported elsewhere 
(Chen et al, 2006; Chen et al, 2007; Chu and Hsiao, 2001). The wavelength used was 0.1371 nm. 
The sample-to-detector distance was 94.8 mm. A 2D MAR-CCD X-ray detector (MAR USA, 
Inc., Norwood, NJ, USA) was used for data collection.  
 Amorphous SCA was mixed with water to make ca.50% solids. The mixture was put 
into a sample holder, sealed and placed into a hot stage (Instec Inc., Boulder, CO, USA). The 
sample was heated from 25 to 100°C at 10°C/min, held at 100°C for 5min, and cooled from 
100°C to 25°C at 10°C/min. The in-situ melting and crystallization was monitored by using 
synchrotron WAXD. No weight changes were observed for the sample before and after heating, 
indicating that no moisture was lost during the experiment.  
The relative crystallinity of samples was estimated by the ratio of the peak areas to the 
total diffractogram area (Komiya and Nara, 1986). By using X-ray line-broadening technique 
(Cairns et al, 1997), the approximate average size (D) in nm of crystallites in samples was 
calculated from Scherrer formula: D= 0.9λ/β/cosθ, where λ is wavelength used; β is peak 
broadening given by full width at half maximum in radians of diffraction peak minus full width 
at half maximum in radians of a peak from a standard sample; θ is half of angular position of 
peak in radians. 
 Differential scanning calorimetry (DSC) 
Amorphous SCA suspension in water (50% solids) was prepared and sealed in a DSC pan 
and analyzed with a TA Q200 instrument (TA Instruments, New Castle, DE, USA). Samples 
were heated from 10°C to 160°C at 10°C /min to study the melting behavior. To study the 
crystallization of SCA during cooling, samples were heated from 10 to 100 °C at 10 °C/min, held 
at 100 °C for 5 min, cooled from 100 °C to 10 °C at 10 °C/min, and rescanned from 10 to 160 °C 
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at 10 °C/min. An empty pan was used as a reference. The onset (To), peak (Tp), and conclusion 
(Tc) temperatures and enthalpy (∆H) were calculated from the DSC endotendotherm (TA 
Instruments, New Castle, DE, USA). All experiments were conducted in duplicates. 
 Results 
 Synchrotron WAXD of powder and hydrated SCA 
 The synchrotron WAXD results of powder and hydrated SCA from debranched waxy 
starches are shown in Figure 4.1. In the powder state, all SCA from debranched waxy starches 
showed amorphous X-ray diffraction pattern, indicating that the crystalline structure of SCA was 
completely disrupted after dissolving in the alkaline solution; however, all SCA gave a typical B-
type diffraction pattern when hydrated with about 50% water (Figure 4.1). This phenomenon 
was attributed to the rapid crystallization of SCA. Comparing to rigid long-chain amylose and 
amylopectin with highly branched architecture, SCA has greater mobility and could associate 
together immediately to form the double helices, especially under such a high solids 
concentration condition (50%). At the low temperature (25°C), B-type rather than the A-type 
structure was formed. 
Interestingly, SCA from debranched waxy wheat and waxy maize starches had a higher 
crystallinity (58.7% and 55.6%, respectively) and a larger average crystal size (11.5 and 10.9 nm, 
respectively), as compared to SCA from debranched waxy potato starch, which had a lower 
crystallinity of 53% and a smaller average crystal size of 10.4 nm (Table 4.1). This result was 
related with the chain length (CL) of SCA. The average CLs of debranched waxy wheat, waxy 
maize, and waxy potato starches were 21.8, 24.1, and 32.1 glucose units, respectively (Cai and 
Shi, 2010). Debranched waxy wheat and waxy maize starches contained larger portion of low 
molecular weight fraction than debranched waxy potato starch. Small chains possess higher 
mobility than large chains, and could have a greater interaction with each other, resulting in more 
crystalline materials.  
  Melting and crystallization of SCA from waxy starches 
 Waxy wheat starch 
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   The dynamic synchrotron WAXD results of SCA from debranched waxy wheat starch 
during heating and cooling is given on Figure 4.2. The peaks of B-type X-ray diffraction pattern 
remained intact between 25 to 60°C, but started to weaken from 70°C, and almost disappeared at 
100°C (Figure 4.2A). During cooling (Figure 4.2B), a weak A-type diffraction pattern was 
observed at 100°C and became evident with the decrease in temperature. Notably, a small 
residual peak occurred around 2θ of 5°, which is mostly characteristic of B-type structure pattern. 
One explanation for this is that the original B-type polymorph was not completely melted. 
Another hypothesis is that a small amount of B-type polymorph accompanied with the formation 
of A-type polymorph, but this residue structure did not affect the predominant A-type structure 
of SCA formed during cooling. 
 Waxy maize starch 
Similarly, the B-type polymorph of SCA of debranched waxy maize starch was disrupted 
above 70 °C, and almost melted at 100°C (Figure 4.3A). An A-type diffraction pattern was 
detected at 100°C and became clear when temperature decreased (Figure 4.3B). Unlike the SCA 
from debranched waxy wheat starch, the small peak of SCA from debranched waxy maize starch 
around 5°2θ was stronger and better resolved during cooling, suggesting that a little B-type 
structure was accompanied by A-type structure during cooling. 
 Waxy potato starch 
   Figure 4.4 shows the dynamic synchrotron WAXD results of SCA from debranched 
waxy potato starch during heating and cooling. The crystallinity of SCA started to decrease 
above 70°C, but most B-type polymorph was retained at 100°C (Figure 4.4A). The hydrated 
SCA from debranched waxy potato starch appeared to have a lower degree of cyrstallinity 
(Table 4.1, Figure 4.1C), but was more resistant to heat than those from debranched waxy 
wheat and waxy maize starches (Figure 4.2A and 4.3A). The difference suggested that long 
chains, despite their lower mobility, could form more stable double helices and be more resistant 
to thermal heating.  
Unlike debranched waxy wheat and waxy maize starches, the original B-type X-ray 
diffraction pattern remained in SCA from debranched waxy potato starch and no significant 
structural change was observed during cooling (Figure 4.4B). Notably, those melted SCA, 
although in small amount, were not rearranged into A-type (or B-type) structure as expected. 
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There are two possible explanations for this phenomenon: (1) The remaining B-type structures 
may act as nuclei, and those melted chains can associate into double helices, but present in the 
amorphous region; and (2) the remaining B-type structures may act as barriers to inhibit the 
formation of B-type structure from free SCA, since the formation of B-type polymorph is a 
reversible equilibrium (kinetic event). It is hard to prove which explanation is good at current 
point.  
 Thermal properties of SCA from waxy starches 
Interestingly, a broad melting endotherm and a broad exothermic peak were observed 
when directly heating samples from 10 to 160°C (Table 4.2 and Figure 4.5). The broadness of 
the curves indicated that SCA samples had a large variation in crystal size and perfection. The 
melting peak of SCA from debranched waxy wheat, waxy maize and waxy potato starches was 
centered at 87.3, 87.3 and 91.0°C, respectively, whereas the crystallization peak was centered at 
118.9, 119.3 and 121.5°C, respectively. Similar phenomena in amylose-lipid complexes were 
observed by Biliaderis et al (1985), who proposed that two thermal events were involved: 
melting of the original crystallites and recrystallization during heating. Thus, one possible 
explanation for our results was that part of the SCA melted at a lower temperature (~55-105°C), 
but readily recrystallized at a higher temperature (~105-150°C). Debranched waxy wheat and 
waxy maize starch melted around 100°C with a higher enthalpy (~13.5 J/g), whereas debranched 
waxy potato starch was disassociated at slightly higher temperature (~105°C) with a lower 
enthalpy of 10.6 J/g (Table 4.2 and Figure 4.5). This observation was consistent with the 
WAXD results that debranched waxy wheat and waxy maize starch had a higher crystallinity but 
almost completely melted at 100°C, whereas debranched waxy potato starch showed a lower 
crystallinity and was not completely melted at 100°C (Table 4.1, Figures 4.1-4.4). Because the 
moisture used in DSC study was 50%, limited hydration of the sample could have affected the 
thermal behaviors of SCA. To eliminate this impact, debranched waxy starches (adjusted to a 
moisture of 75%) were heated from 10 to 160°C at 10°C/min; similar results were observed 
(Figure 4.5), indicating that the melting followed by the immediate crystallization during heating 
was the nature of SCA, not because of the low water content used (50%). 
To further understand the recrystallization observed by WAXD, SCA from debranched 
waxy wheat, waxy maize, and waxy potato starches was heated to 100 °C, cooled and rescanned 
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by DSC (Table 4.3 and Figure 4.5). All debranched waxy starches displayed an onset melting 
temperature of 60-70°C when heated from 10 to 100°C at 10°C/min, which was in agreement 
with the synchrotron WAXD data, indicating that the materials started melting around 70°C. The 
enthalpy of debranched waxy wheat, waxy maize and waxy potato starches was 8.9, 8.4 and 7.6 
J/g, respectively. After cooling from 100°C at 10°C/min, an endotherm with a melting 
temperature ranged from about 100°C to 150°C was observed at the second scan for all 
debranched waxy starches. The enthalpy of debranched waxy wheat, waxy maize and waxy 
potato starches was 13.0, 15.7 and 17.2 J/g, respectively. The shift of melting peak from lower 
temperature to higher temperature after cooling debranched waxy wheat and waxy maize 
starches at 10°C/min could be explained by the crystallization behaviors of SCA. Based on the 
synchrotron WAXD data (Figure 4.2 and 4.3), an A-type structure was formed during cooling 
melted B-type structure of debranched waxy wheat and waxy maize starches. SCA with A-type 
structure was reported to have a higher melting temperature than those with B-type polymorph 
(Cai et al, 2010; Cai and Shi, 2010; Planchot et al, 1997; Whittam et al, 1990; Williamson et al, 
1992). In this study, the peak melting temperature of A-type structure of debranched waxy wheat 
starch was 119°C compared to 87.9°C of B-type structure. Similarly, the melting peaks of A-type 
and B-type structure of debranched waxy maize starch were centered at 128.1°C and 87.2°C, 
respectively; however, the debranched waxy potato starch was an exception. After cooling, the 
remained B-type structure was centered at around 134.1°C, which may be attributed to its longer 
chain length and stronger double helices.  
Our data showed that SCA could crystallize during either cooling (WAXD and DSC 
results) or heating (DSC results). Due to safety concerns, the temperature was not heated above 
100°C in our WAXD experiments; therefore, no information was available regarding the 
polymorph of the recrystallized materials above 100°C. Further studies are needed to heat 
samples to higher temperatures in a sealed pressure cell and elucidate the mechanism behind 
such changes. 
 Discussion 
Compared to complex architecture of amylopectin, SCA is a short linear segment of α-1,4 
-glucans and may retrograde into crystalline structure more readily (Cai et al, 2010). Depending 
on crystallization conditions such as solvent, chain length, concentration and temperature, SCA 
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could be rearranged as different crystalline types (Buleon et al, 2007; Cai et al, 2010; Cai and Shi, 
2010; Gidley and Bulpin, 1987; Lebail et al, 1993; Pfannemuller, 1987; Planchot et al, 1997; 
Ring et al, 1987; Whittam et al, 1990; Williamson et al, 1992). Generally, shorter chain length, 
higher concentration and higher temperature favor the formation of A- type crystallites, whereas 
the reverse situations induce B- type crystallization. The main differences between A- and B- 
structure are the packing of double helices (monoclinic and hexagonal arrangement, respectively) 
and the water amount (8 and 36 water molecules, respectively) in the crystal unit cell (Imberty et 
al, 1988; Imberty and Perez, 1988; Takahashi et al, 2004; Popov et al, 2009).  
In this study, we observed formation of A-type polymorph from a melted B-type 
crystalline structure. Figure 4.6 depicts the melting and crystallization of SCA studied using 
synchrotron WAXD. The A-structure was formed from the rapid cooling of a hot solution of 
SCA from high temperature, whereas B-structure was obtained with hydration of amorphous 
SCA at low temperature. The A-type structure was suggested to be a thermodynamic product 
whereas the B-type polymorph is a kinetic event (Gidley, 1987). Thus, A-type structure is 
favored at high temperature and is more thermal stable than the B-type polymorph. 
Crystallization or retrogradation of starch is important in bakery products such as bread 
staling. After baking, starch is partially gelatinized and formed B-type crystalline structure 
during staling (Ribotta et al, 2004); however, the starch crystal polymorph formed upon 
retrogradation is largely dependent on the conditions at which the recrystallization proceeds and 
the storage time of retrogradation. Obtaining A-type rather than B-type polymorph after 
retrogradation is possible. Lionetto et al (2005) studied the retrogradation of concentrated wheat 
starch systems. They observed that wheat starch extrudates (both 37% and 51% water content) 
predominantly crystallized into the A-polymorph after stored at 25 ºC for 7 days. Ottenhof et al 
(2005) compared the retrogradation behaviors of extruded waxy maize, wheat and potato 
starches with intermediate water content (34%). After about 3 days of storage at 25ºC, waxy 
maize and wheat starch essentially crystallized to the A-type polymorph while potato starch 
crystallized into the B-type polymorph. Bello-Perez et al (2005) found that extruded banana 
starch retrograded from its native mixture of A- and B-type polymorphs to the A-type polymorph 
after stored at 25 ºC and at 30% water content. Eerlingen et al (1993) prepared enzyme resistant 
starch (RS) by incubation of autoclaved wheat starch at different temperatures. RS formed at 100 
ºC showed A-type X-ray diffraction pattern, whereas B-type polymorph was observed for RS 
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incubated at 0 or 68 ºC. According to Farhat et al (2001), extruded potato starch retrograded to 
B-type, C-type (mixture of pure A- and B- polymorph) and A-type polymorphs, when stored at 
22 ºC, 40 ºC and 60 ºC respectively, at 35% moisture content. Investigating the possibility of 
holding bakery products at high storage temperature long enough or cooling rapidly from high 
temperature after baking to induce an A-type structure would be interesting, as would 
determining the texture and digestibility of the products with an A-type X-ray diffraction pattern. 
 Conclusions 
Melting and crystallization of SCA were investigated for the first time by synchrotron 
WAXD in-situ. All amorphous SCA from debranched waxy starches immediately crystallized 
into B-type polymorph when hydrated (moisture content ca.50%) at 25°C. SCA from debranched 
waxy potato starch with higher average chain length showed a relatively low crystallinity and a 
higher melting temperature; it did not completely melt at 100°C and its original B-type 
polymorph remained during rapid cooling. In contrast, SCA from debranched waxy wheat and 
waxy maize starch contained a large portion of low molecular weight fractions, thus had a higher 
crystallinity and a lower melting temperature. When melted, it could predominantly reform into 
an A-type polymorph under rapid cooling. The reformed A-type polymorph of debranched waxy 
wheat and waxy maize starches had a higher melting temperature (ca. 120°C) than their original 
B-type structure (ca.90°C).  
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Table 4.1 Relative crystallinity and approximate average size of polymorph crystallites of 
short-chain amylose from debranched waxy wheat starch, debranched waxy maize starch 
and debranched waxy potato starch as determined by synchrotron wide-angle X-ray 
diffraction A, B 
Samples Relative Crystallinity (%) Average size of crystallites (nm) 
Debranched waxy wheat  58.7±0.3 11.5±0.3 
Debranched waxy maize 55.6±0.1 10.9±0.1 
Debranched waxy potato 53.0±1.0 10.4±0.1 
A The relative crystallinity was estimated by the ratio of the peak areas to the total 
diffractogram area (Komiya and Nara, 1986). 
B
 The approximate average crystal size was calculated by using X-ray line-broadening 
technique (Cairns et al, 1997). 
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Table 4.2 Melting and crystallization of short-chain amylose from debranched waxy wheat starch, debranched waxy maize 
starch and debranched waxy potato starch as determined by differential scanning calorimetry A, B 
Melting Peak  Crystallization Peak 
Samples 
To(°C) Tp(°C) To(°C) ∆H(J/g) To(°C) Tp(°C) To(°C) ∆H(J/g) 
Debranched waxy wheat 52.7±0.6 87.3±1.5 100.7±0.9 13.4±0.8 103.6±0.6 118.9±0.8 144.3±1.7 15.1±0.2 
Debranched waxy maize 54.0±0.9 87.3±0.7 101.3±1.3 13.5±0.1 103.9±1.0 119.3±1.7 148.4±1.2 15.0±0.6 
Debranched waxy potato 59.2±0.5 91.0±0.2 104.3±0.6 10.6±0.4 106.0±0.3 121.5±0.8 148.8±0.3 15.2±0.6 
A
 The ratio of sample (dry basis) and water was 1:1. The samples were heated from 10 to 160°C at 10°C/min. 
B
 Mean ± standard deviation values are reported. 
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Table 4.3 Thermal properties of short-chain amylose from debranched waxy wheat starch, debranched waxy maize starch and 
debranched waxy potato starch as determined by differential scanning calorimetry A, B 
First Scan Second Scan 
Samples 
To(°C) Tp(°C) To(°C) ∆H(J/g) To(°C) Tp(°C) To(°C) ∆H(J/g) 
Debranched waxy wheat 62.5±0.8 87.9±0.4 97.9±0.3 8.9±0.5 101.4±0.8 119±0.5 148.2±1.2 13.0±0.4 
Debranched waxy maize 63.7±0.2 87.2±0.6 98.8±0.1 8.4±0.3 105.1±1.0 128.1±0.9 153.5±0.6 15.7±0.3 
Debranched waxy potato 69.4±0.7 86.6±1.1 97.9±0.2 7.6±0.7 101.5±0.2 134.1±0.4 151±0.9 17.2±0.7 
A
 First scan was heated from 10 to 100°C at 10°C/min, and second scan was heated from 10 to 160°C at 10°C/min, after heating 
from 10 to 100°C at 10°C/min, holding at 100°C for 5min, and cooling from 100°C to 10°C at 10°C/min. The ratio of sample (dry 
basis) and water was 1:1. 
B
 Mean ± standard deviation values are reported. 
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Figure 4.1 Synchrotron wide-angle X-ray diffraction of short-chain amylose (as is and 
hydrated) from (A) waxy wheat starch; (B) waxy maize starch; and (C) waxy potato starch 
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Figure 4.2 Dynamic synchrotron wide-angle X-ray diffraction results of short-chain 
amylose from debranched waxy wheat starch during (A) heating and (B) cooling 
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Figure 4.3 Dynamic synchrotron wide-angle X-ray diffraction results of short-chain 
amylose from waxy maize starch during (A) heating and (B) cooling 
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Figure 4.4 Dynamic synchrotron wide-angle X-ray diffraction results of short-chain 
amylose from waxy potato starch during (A) heating and (B) cooling 
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Figure 4.5 Thermal properties of short-chain amylose from (A) debranched waxy wheat 
starch, (B) debranched waxy maize starch and (C) debranched waxy potato starch as 
determined by differential scanning calorimetry: (a) Samples (50% moisture) were heated 
from 10 to 160°C at 10°C/min; (b) Samples (75% moisture) were heated from 10 to 160°C 
at 10°C/min; (c) Samples (50% moisture) were heated from 10 to 100°C at 10°C/min; and 
(d) Samples (50% moisture) were heated from 10 to 160°C at 10°C/min, after heating from 
10 to 100°C at 10°C/min, holding at 100°C for 5min, and cooling from 100°C to 10°C at 
10°C/min 
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Figure 4.6 The diagram of melting and crystallization of short-chain amylose studied by 
using synchrotron wide-angle X-ray diffraction 
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Chapter 5 - Manipulation of A- and B-type crystals from short-
chain amylose in relation to their digestibility  
 Abstract 
Starch is the most important source of food energy. It is well known that native starches 
with a B-type X-ray diffraction pattern are more resistant to alpha-amylase digestion than those 
starches with an A-type X-ray pattern, but the underlying mechanism is not well understood. It is 
not clear whether the enzyme resistance of B-type starch is due to its B-type crystalline structure 
or the other structural features in starch granules. The objective of this study was to compare the 
structure and enzyme digestibility of highly pure A- and B-type starch crystals, and understand 
the roles of crystalline types in starch digestibility. Highly pure A- and B-type starch crystals 
were prepared from short linear α-glucans (short-chain amylose) generated from completely 
debranched waxy starches by manipulating the processing conditions such as starch solids 
concentration, crystallization temperature and chain length. High concentration, high temperature 
and short chain length favored the formation of the A-type structure, whereas reverse conditions 
resulted in the B-type polymorph. Digestion results using a mixture of α-amylase and 
glucoamylase showed that the A-type crystals were more resistant to enzyme digestion than the 
B-type crystals. The A-type crystalline product obtained upon debranching 25% waxy maize 
starch at 50ºC for 24 h gave 16.6% digestion after 3 h, whereas the B-type crystals produced by 
debranching 5% waxy maize starch at 50ºC for 24 h followed by holding at 25ºC for another 24 
h had 38.9% digested after 3 h. The A-type crystals had a higher melting temperature than the B-
type crystals as determined by differential scanning calorimetry. Annealing increased the peak 
melting temperature of the B-type crystals, making it similar to that of the A-type crystals, but 
did not improve the enzyme resistance of the B-type crystals. The possible reason for these 
results was due to more condense packing pattern of double helices in A-type crystallites. Our 
observations are opposite to the fact that B-type native starches are more enzyme resistant. It 
seems that the crystalline types are not the key factor that controls the digestibility of native 
starch granules. The resistance of native starches with a B-type X-ray diffraction pattern is 
probably attributed to the other structural features in starch granules. 
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 Introduction 
Native starches with a B-type X-ray diffraction pattern are known to be more resistant to 
alpha-amylase digestion than those starches with an A-type X-ray pattern (Dreher et al 1984; 
Gallant et al, 1972; Gallant et al 1997; Jane et al, 1997; McCleary and Monaghan 2002; Planchot 
et al, 1995; Srichuwong et al, 2005a, b); however, whether the enzyme resistance of B-type 
starch is due to its B-type crystalline structure or the other structural features of starch granules is 
unclear.  
Studies that compare enzyme digestibility of pure A- and B-type crystals are limited. 
Williamson et al (1992) and Planchot et al (1997) prepared A- and B-type spherulite crystal from 
lintnerized potato starch and found that B-type spherulites were more resistant to α-amylase than 
A-type spherulites. In contract, Cai et al (2010) observed that the A-type crystals formed from 
25% solids SCA solution at 50 ºC had higher resistant starch (RS) content than the B-type 
crystals prepared at 5% solids and 25 ºC (Cai and Shi, 2010). 
In this study, both highly pure A- and B-type starch crystals were prepared from short 
linear chains (short-chain amylose, SCA) generated from completely debranched waxy starches 
in an aqueous environment. The overall objective was to compare the structure and enzyme 
digestibility of highly pure A- and B-type starch crystals and to understand the roles of 
crystalline types in starch digestibility. Our specific goals were to (1) prepare highly crystalline 
materials with A- and B-type polymorphs by manipulating the processing conditions such as 
starch solids concentration, crystallization temperature, and chain length (starch sources), (2) 
characterize the properties and digestibility of the resulting materials, and (3) relate the starch 
polymorphs to enzyme digestion. 
 Materials and methods 
Waxy maize starch was gained from National Starch LLC (Bridgewater, NJ, USA), waxy 
potato starch was provided by Penford Food Ingredients Company (Centennial, CO, USA) and 
isoamylase (EC 3.2.1.68) was obtained from Hayashibara Biochemical Laboratories, Inc. 
(Okayama, Japan). The enzyme activity was 1.41×106 IAU/g, where 1 IAU of activity was 
defined as the amount of isoamylase that increased reducing-power absorbance of the reaction 
mixture by 0.008 in 30 min under the conditions of the isoamylase assay (FAO JECFA 
Monographs, 2007). All chemicals were reagent-grade. 
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 Manipulation of A- and B- type crystals from short-chain amylose (SCA) 
Three approaches were used to produce A- and B-type starch crystals from SCA (Figure 
5.1). The first approach was to use different solids concentrations of starch. Three different 
solids levels (5%, 15% and 25%) were used. To debranch starch, waxy maize starch was mixed 
with acetic acid buffer (0.01M, pH4.0) in a pressure bottle and heated in a boiling water bath 
with stirring for 30 min followed by heating at 120°C in an oven for 30 min. After the mixture 
was cooled to 50°C, the debranching reaction was started by adding 1% isoamylase based on the 
dry weight of starch. For the 25% solids sample, the precipitates were filtered after 24 h of 
debranching reaction. For the 5% and 15% solids samples, the mixture was reacted at 50°C for 
24 h, then cooled to 25°C and held for another 24 h. The precipitates were filtered, washed with 
water, dried in an oven at 40°C overnight, and ground by a mortar and pestle. 
The second approach to favor A- or B-type crystals was to manipulate the crystallization 
temperatures. Waxy maize starch (25% solids concentration) was debranched for 24h as 
described above. Then, the mixture was heated at 140 °C in an oven for 1 h to completely melt 
the crystals. The clear solution was held at 4, 25 or 50°C for 24 h to induce crystallization. The 
precipitates were filtered, washed with water, dried in an oven at 40°C overnight, and ground by 
a pestle and mortar.  
The third approach to prepare A- or B- type crystals was to use SCA with different chain 
lengths (CL). Waxy potato starch (25% solids concentration), which has longer unit chains than 
waxy maize starch, was debranched for 24h as described above, then, the precipitates were 
filtered, washed with water, dried in an oven at 40°C overnight, and ground with a mortar and 
pestle. The yield of all crystallized product was determined as previously described in Chapter 2. 
To compare the results in the literature, the SCA from debranched waxy maize starch was 
used to prepare A- and B-type crystals by the method of Planchot et al (1997).  
 Annealing of starch crystals 
Immediately after debranching for 24 h, waxy potato starch slurry (25% solids) was 
annealed at 100 °C in a water bath for 4 h with continuous stirring. The mixture was filtered, 
dried at 40 °C in an oven overnight, and saved for further digestion analysis.   
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 Gel permeation chromatography (GPC) 
The starch samples were examined by GPC as previously described in Chapter 2. 
 Scanning electron microscopy (SEM) 
The morphology of starch samples were viewed by SEM as previously described in 
Chapter 2. 
 Particle size distribution 
Crystalline samples of SCA were suspended in aqueous 1% sodium azide, and after 
sonication, several drops of the suspension were added into a Beckman Coulter LS 13 320 Laser 
Diffraction Size Analyzer (Beckman Coulter, Inc. Brea, CA, USA) equipped with the universal 
liquid module. Each sample was measured twice. 
 Wide-angle X-ray diffraction 
Wide-angle X-ray diffraction was conducted as previously described in Chapter 3. 
 In vitro digestion method  
The in vitro starch digestion profile was determined by a modified Englyst procedure 
(Englyst et al, 1992; Sang and Seib, 2006) as previously described in Chapter 2. 
 Results and Discussion 
 Formation of A- and B- starch crystals 
Wide-angle X-ray diffraction patterns of SCA prepared from different approaches are 
shown in Figure 5.2. All samples displayed a diffraction pattern with sharp peaks that were 
associated with a crystalline structure. A highly pure A-type crystal was obtained by debranching 
and crystallization of 25% solids waxy maize starch at 50 ºC for 24 h. Debranching 5 % solids 
waxy maize starch and crystallization at 50 ºC for 24 h followed by holding at 25 ºC for another 
24 h resulted in a B-type polymorph. A mixture of A- and B-type starch crystal was observed for 
15% solids sample (Figure 5.2A). At the same starch concentration (25% solids), an amorphous 
sample of SCA was transformed into A-type starch crystals at 50 ºC, whereas B-type crystalline 
materials were formed at 4 or 25 ºC (Figure 5.2B). In contrast with waxy maize starch (Figure 
5.2A), 25% solids waxy potato starch debranched and crystallized at 50 ºC showed the B-type X-
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ray diffraction pattern (Figure 5.3C). Our results agree with the general findings that higher 
solids and crystallinzation temperature, and lower chain length favor the formation of A-type 
crystallites, and the reverse conditions induce B-type crystallization (Buleon et al, 2007; Cai et al, 
2010; Cai and Shi, 2010; Gidley and Bulpin, 1987; Helbert, 1993; Lebail et al, 1993; 
Pfannemuller, 1987; Planchot et al, 1997; Ring et al, 1987; Whittam et al, 1990; Williamson et al, 
1992).  
The underlying mechanism of these phenomena can be explained as follows. According 
to Gidely (1987), the A-type crystal is a thermodynamic product and the B-type structure is a 
kinetic product. A thermodynamic product is formed by an equilibrium reaction through an 
intermediate stage to form a stable structure of low free energy, whereas a kinetic event involves 
a rapid precipitation of a less stable, less perfect structure. At a high temperature, thermodynamic 
products are favored. The B-type structure may form temporarily, but this structure is not stable 
and melts to form the more stable A-type structure (Cai et al, 2010; Pohu et al, 2004). At high 
concentrations of SCA, more double helices can be generated, which favor the A-type structure 
because it has a denser packing pattern of double helices. For SCA with a long average CL, the 
double helices formed will be larger and tend to rapidly precipitate from solution to yield the less 
stable and imperfect B-type crystalline product. 
The yields of A- and B-type starch crystals are listed in Table 5.1. Debranching 5% 
solids waxy maize starch at 50 ºC for 24 h gave no precipitate, but 59.2% crystalline material 
was obtained after holding the mixture at 25 ºC for another 24 h. Debranching 15% and 25% 
solids waxy maize starch at 50 ºC for 24 h yielded 33% and 65.8% precipitates, respectively, and 
77.4% and 89.8% products, respectively, after holding at 25 ºC for another 24 h. Cooling 
debranched waxy maize starch that has been preheated to 140 ºC for 1 h to 4, 25, and 50 ºC for 
24 h generated 90.4, 88.0, and 72.4% starch crystals, respectively. The yield of waxy potato 
starch debranched at 50ºC for 24 h was 72.8%. The results showed that yield was increased as 
solids concentration and chain length increased, and as crystallization temperature decreased. 
The high yields of crystalline SCA indicated their great potential for industry applications. 
 Molecular weight distribution of A- and B- starch crystals 
The molecular weight distributions of A- and B- starch crystals are presented in Figure 
5.3. A bimodal distribution with a low molecular weight peak and a high molecular weight peak 
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was observed for all samples. Crystals prepared from 25% solids had a higher proportion of low 
molecular weight fraction than those from 5% solids (Figure 5.3A). Molecules with short chains 
seem favored to crystallize at higher solids concentration. At the same solids concentration, the 
distribution pattern of SCA crystallized at 4, 25 and 50 °C was essentially the same (Figure 
5.3B). Compared to samples prepared from debranched waxy maize starch, those generated from 
debranched waxy potato starch had a higher percentage of large molecular weight molecules 
(Figure 5.3C). The average CL of waxy maize and waxy potato starch was 24.1 and 32.1 
glucose units, respectively (Cai and Shi, 2010). 
 Morphology and particle size distribution of A- and B- starch crystals 
All A- and B- starch crystals contained particles with a coarse surface and irregular shape 
(Figures 5.4-5.6). No starch granules were observed in the micrograph, suggesting that the 
granular structure has been completely disrupted and that a new crystalline structure was formed. 
Small isolated particles (<1µm) along with large pieces of particle clusters (>10µm) existed in 
the same sample, revealing a wide distribution of particle size in the samples. The observations 
were in agreement with particle size distribution results, as shown in Figures 5.7-5.9. The 
average particle sizes of SCA prepared from debranched waxy maize starch at 5, 15 and 25% 
solids were 9, 7.4 and 4.7 µm respectively. The average dimension of SCA particles produced 
from debranched waxy maize starch at 4, 25, and 50 ºC were 8.9, 10.1 and 13.5 µm, respectively 
(Table 5.1). There was no correlation between the particle size and the in vitro digestibility of A- 
and B-type starch crystals discussed below. 
  Thermal properties of A- and B- starch crystals 
The thermal properties of A- and B-type starch crystals are given in Figure 5.10 and 
Tables 5.2-5.4. The B-type starch crystals obtained from 5% solids showed an endotherm with a 
melting temperature ranging from 67 to 104 ºC and an enthalpy of 15.9J/g, whereas the A-type 
starch crystals displayed a melting peak ranging from 98 to 140 ºC with an enthalpy of 20.5 J/g. 
For samples prepared from 15% solids, two endotherms with a low melting peak and a high 
melting peak were observed, reflecting the presence of a mixture of A- and B-type structure 
(Figure 5.10A and Table 5.2). Under the same concentration of 25% solids, the A-type structure 
prepared at a higher temperature had a higher melting temperature than the B-type polymorph 
formed at lower temperatures (Figure 5.10B and Table 5.3).  
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The melting temperature of recrystallized SCA in excess water with the A-type structure 
was always reported to be higher than that of its B-type counterpart (Cai et al, 2010; Cai and Shi, 
2010; Planchot et al, 1997; Whittam et al, 1990; Williamson et al, 1992). With the same B-type 
polymorph, crystals generated from debranched waxy potato starch displayed a higher peak 
melting temperature (Figure 5.10C and Table 5.4). This phenomenon could be explained by 
stronger double helices formed from debranched waxy potato starch with longer unit chains than 
that in debranched waxy maize starch (Cai and Shi, 2010).  
Due to the concern that less thermal stability of B-type structure may result into its high 
susceptibility to the digestive enzymes, which was discussed in the next section, the debranched 
waxy potato starch was annealed to achieve a higher melting peak centered around 120 ºC, 
similar as that of A-type structure (Figure 5.10 and Table 5.4). This annealed sample retained 
predominant B-type X-ray diffraction pattern (Figure 5.2C), similar molecular weight 
distribution (Figure 5.3C), morphology (Figure 5.6) and particle size distribution (Figure 5.9), 
thus was used as samples with the B-type structure and improved thermal stability to compare 
the digestibility with that of A-type crystals.  
 In vitro digestibility of A- and B- starch crystals  
The rate and extent of hydrolysis of A- and B- type starch crystals by a mixture of α-
amylase and glucoamylase is shown in Figure 5.11. The A-type crystals prepared from 25% 
solids displayed a lower digestibility than the C-type crystals and the B-type crystals prepared 
from 15% and 5% solids, respectively (Figure 5.11A). The A-type crystalline product obtained 
from debranching of 25% waxy maize starch at 50ºC for 24 h gave 16.6% digestibility after 3 h 
incubation. In contrast, the B-type crystals obtained by debranching 5% waxy maize starch at 
50ºC for 24 h followed by holding at 25ºC for another 24 h, gave 38.9% digestion after 3 h 
incubation. Similarly, A-type crystals crystallized at 50 ºC had a lower hydrolysis extent (28.0% 
digested after 3 h hydrolysis) than B-type crystals formed at 4 and 25 ºC (41.7% and 44.5% 
hydrolysis after 3 h digestion respectively, Figure 5.11B). The B-type crystals formed from 
debranched waxy potato starch with higher CL were less resistant to enzyme digestion (27.6% 
hydrolyzed after 3 h digestion) than the A-type crystals prepared from debranched waxy maize 
starch (Figure 5.11A and C). Our results suggested that the A-type crystals prepared from linear 
SCA were always more resistant to the enzyme digestion than their B-type counterparts.  
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On the molecular level, A- and B-type starch crystals differ in the packing pattern of 
double helices (monoclinic and hexagonal geometry, respectively) and the number of water 
molecules (8 and 36, respectively) in the crystal unit cell (Imberty et al, 1988; Imberty and Perez, 
1988; Popov et al, 2009; Takahashi et al, 2004). Thus, the A-type structure is comprised of a 
denser and tighter structure than the B-type structure (Figure 5.12). This feature may inhibit the 
access of enzyme to the starch molecules and reduce the hydrolysis. 
The B-type crystals had a lower melting temperature in excess water than A-type crystals 
(Figure 5.10 and Tables 5.2-5.4). Was the high digestibility of B-type crystals due to their low 
thermal stability and imperfect crystals? To eliminate this effect, debranched waxy maize starch 
with a B-type structure (5% solids debranched at 50 ºC for 24 h and held at 25 ºC for another 24 
h) was annealed at 60 ºC and 80 ºC respectively to increase its thermal stability; however, the 
peak melting temperature of the sample was increased only slightly from 87 ºC to 90.6 ºC after 
annealing at 60 ºC for 8 h. Upon annealing at 80 ºC, the sample displayed a peak melting 
temperature of 98.0 ºC, but with a significantly decreased enthalpy of 4.1J/g. Debranched waxy 
maize starch with a B-type polymorph was concluded to have a weak crystalline structure that 
was difficult to strengthen by annealing. 
Thus, the crystallized B-type polymorph with a relatively high melting temperature of 
104.3 ºC obtained from debranched waxy potato starch, was used as starting materials. After 
annealing, the B-type crystals had a similar peak melting temperature compared with the A-type 
crystals (119.6 ºC vs. 117.9 ºC); however, the B-type crystals exhibited an increase in its extent 
of hydrolysis rather than a decrease (Figure 5.11C). These results provide evidence that 
annealing did not improve the enzyme resistance of the B-type structure, and that its relatively 
high enzyme susceptibility was largely dependent on its polymorphic structure rather than its 
thermal stability.  
Our results conflict with the observations on the digestibility of A- and B-type crystals in 
the literature. Planchot et al (1997) prepared A- and B-type starch crystals from lintnerized starch 
and found that the A-type structure was more susceptible to the α-amylase hydrolysis. 
Williamson et al (1992) reported that the B-type crystalline starch was more resistant to α-
amylase, β-amylase and glucoamylase 1. Notably, those authors prepared A- and B-type starch 
crystals using mild acid-treated potato starch. Their crystalline solids contained α-1,6 branch 
points and a mixture of linear and branched polymers. The B-type starch crystals were prepared 
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by cooling the solution of acid-treated starch at a slow rate, whereas the A-type crystals were 
crystallized from an ethanol-water mixture. To explain the differences, SCA generated from 
debranched waxy maize starch was used as starting material to prepare A- and B-type crystals by 
the same procedures described by Planchot et al (1997). Surprisingly, the A-type crystals from 
debranched waxy maize starch were still more enzyme-resistant than their corresponding B-type 
crystals. The A-type structure gave only 22.9% hydrolysis in 3h, compared with 33.4% for the 
B-type structure (Figure 5.11D). The different starting materials to prepare the model crystals 
may have led to the opposite digestion results. 
In the case of native starches, cereal starches (mostly A-type X-ray diffraction pattern) 
are always found to have higher digestibility than tuber starches and high amylose starches with 
B-type X-ray diffraction pattern (Dreher et al 1984; Gallant et al, 1972; Gallant et al 1997; Jane 
et al, 1997; McCleary and Monaghan 2002; Planchot et al, 1995; Srichuwong et al, 2005a, b), 
but the A-type starch crystals were found to be more enzyme resistant than the B-type crystals in 
this study. Thus, the crystalline structure seems not to be the key factor that affects the 
digestibility of native starch granules. The resistance of native starches with the B-type X-ray 
diffraction pattern is probably attributed to the other structural features of starch granules. 
 Conclusions 
The A-type crystalline SCA could be formed at high concentration, high temperature and 
short CL, while the B-type polymorph was produced at low concentration, low temperature and 
long CL. Digestion results with a mixture of α-amylase and glucoamylase showed that the A-
type structure was more resistant to enzyme digestion than its B-type counterpart. The A-type 
crystalline products had a higher melting temperature in excess water than the B-type as 
determined by DSC. Annealing increased the peak melting temperature of the B-type crystals 
made from waxy potato starch, making it similar to that of the A-type crystals; however, the 
annealed B-type crystals did not have improved enzyme resistance. The higher enzyme 
resistance of the A-type structure was probably due to its denser packing pattern of double 
helices. Our observations are in striking contrast to the fact that the B-type native starches are 
more enzyme resistant. It seems that the A- and B- type crystalline structure is not the key factor 
that impacts the digestibility of native starch granules. The resistance of native starch with the B-
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type X-ray diffraction pattern is probably attributable to the surface features and other 
organizational structure of starch granules.  
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Table 5.1  Yields and average particle size of crystalline short-chain amylose products 
prepared by different approaches  
 
a. Effect of solids concentration A 
A Mean ± standard deviation values are reported. 
a
 Waxy maize starch was debranched at 50°C for 24h.  
b Waxy maize starch was debranched at 50°C for 24h, followed by holding at 25°C for 
another 24h. 
b. Effect of crystallization temperature A, B 
A
 Mean ± standard deviation values are reported. 
B Waxy maize starch (25% solids) was debranched at 50°C for 24h, then heated to 140°C 
for 1h and crystallized at different temperatures. 
c. Effect of chain length A, B 
A
 Mean ± standard deviation values are reported. 
B Starch (25% solids) was debranched and crystallized at 50°C for 24h. 
Solids (%) 5 15 25 
0.0 a 32.0±0.4 a 65.8±0.8 a 
Yield (%) 
59.2±1.4 b 77.4±0.5 b 89.8±0.3 b 
Average particle size (µm) 9.0±0.4 b 7.4±0.3 b 4.7±0.1 a 
Crystallization temperature (°C) 4 25 50 
Yield (%) 90.4±1.1 88.0±0.8 72.4±0.6 
Average particle size (µm) 8.9±0.3 10.1±0.4 13.5±0.5 
Waxy maize starch Waxy potato starch Average chain length 
(Glucose units) 24 32 
Yield (%) 65.8±0.8 72.8±1.4 
Average particle size (µm) 4.7±0.1 15.9±0.1 
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Table 5.2 Thermal properties of short-chain amylose prepared at different solids 
concentration of debranched waxy maize starch as determined by differential scanning 
calorimetry A  
Peak 1 Peak 2 
Solids (%) 
To(°C) Tp(°C) Tc(°C) ∆H(J/g) To(°C) Tp(°C) Tc(°C) ∆H(J/g) 
5 67.4±0.5 87±0.1 104±0.6 15.9±0.1 - - - - 
15 76.6±0.1 95.9±0 110.4±0.8 12.7±0.5 115.5±0.2 127.3±0.5 140.4±0.4 3.15±0.1 
25       -       -       -      - 97.6±0.8 117.9±0.8 139.5±0.9 20.5±1.2 
A
 Mean ± standard deviation values are reported. 
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Table 5.3 Thermal properties of short-chain amylose prepared at different crystallization 
temperature of debranched waxy maize starch as determined by differential scanning 
calorimetry A 
Crystallization Temperature  (ºC) To (ºC) Tp (ºC) Tc (ºC) ∆H(J/g) 
4 63.8±0.4 92.1±0.4 108.2±0.6 17.2±0.2 
25  68.3±0.9 89.4±1.2 108.2±0.4 18.7±0.1 
50 99±1.3 115.9±1.1 140.3±0.3 19.5±0.7 
A
 Mean ± standard deviation values are reported. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 94 
 
Table  5.4 Thermal properties of short-chain amylose prepared from debranched waxy 
potato starch before and after annealing A 
Debranched waxy potato starch To (ºC) Tp (ºC) Tc (ºC) ∆H(J/g) 
Before Annealing 83.8±0.7 104.3±0.1 123.4±0.8 20.0±0.3 
After Annealing 83.5±0.6 119.6±0.6 143.0±0.4 16.8±0.8 
A
 Mean ± standard deviation values are reported. 
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Figure 5.1 Production of A- and B-type crystals from short-chain amylose by changing (A) 
starch solids; (B) crystallization temperature; and (C) chain length 
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Figure 5.2 Wide-angle X-ray diffraction of short-chain amylose prepared from debranched 
waxy maize starch with different (A) solids concentration, (B) crystallization temperatures, 
and (C) debranched waxy potato starch before and after annealing 
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Figure 5.3 Molecular weight distribution of short-chain amylose prepared from 
debranched waxy maize starch with different (A) solids concentration, and (B) 
crystallization temperatures, and (C) debranched waxy potato starch before and after 
annealing 
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Figure 5.4 Scanning electron microscopic images of short-chain amylose prepared from 
debranched waxy maize starch with different starch solids concentration: A and B, 5% 
solids; C and D, 15% solids; E and F, 25% solids 
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Figure 5.5  Scanning electron microscopic images of short-chain amylose prepared from 
debranched waxy maize starch with different crystallization temperature: A and B, 4°C; C 
and D, 25°C; E and F, 50°C 
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Figure 5.6  Scanning electron microscopic images of short-chain amylose prepared from 
debarnched waxy potato starch: A and B, before annealing; C and D, after annealing 
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Figure 5.7 Particle size distributions of short-chain amylose prepared from debranched 
waxy maize starch at different starch solids concentration: A, 5% solids; B, 15% solids; C, 
25% solids 
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Figure 5.8 Particle size distributions of short-chain amylose prepared from debranched 
waxy maize starch with different crystallization temperature: A, 4°C; B, 25°C; C, 50°C 
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Figure 5.9 Particle size distributions of short-chain amylose prepared from debranched 
waxy potato starch: A, before annealing; B, after annealing 
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Figure 5.10 Thermal properties of short-chain amylose prepared from debranched waxy 
maize starch with different (A) solids concentration, and (B) crystallization temperatures, 
and (C) debranched waxy potato starch before and after annealing 
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Figure 5.11 In vitro digestion profile of short-chain amylose prepared from debranched 
waxy maize starch with different (A) solids concentration, and (B) crystallization 
temperatures, (C) debranched waxy potato starch before and after annealing, and (D) the 
method by Planchot et al (1997) 
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Figure 5.12 Arrangement of double helices in A- and B-type short-chain amylose (Dot 
represents double helix) 
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Chapter 6 - Formation of spherulites from short-chain amylose in 
relation to their digestibility  
 Abstract 
A novel process was developed to produce spherulites from short linear α-glucans (short-
chain amylose, SCA) with controlled enzyme digestibility. SCA was obtained by completely 
debranching of waxy maize starch (25% solids) and heated to 180 °C followed by cooling and 
crystallization to form well-developed spherulites. Formation of spherulites involved three steps: 
conformational changes from coils to double helices, orderly arrangement of double helices into 
lamella structure, and radical orientation of aggregates of lamellar stacks into spherulites. 
Spherulites prepared at low temperatures (4 and 25 °C) had a large spherulite size (5-10 µm), a 
B-type X-ray diffraction pattern, a lower melting temperature (70-110 °C), and a higher 
digestibility, whereas spherulites crystallized at 50 °C had small dimensions (1-5 µm), an A-type 
polymorph, a higher melting temperature (100-140 °C), and a lower digestibility. The lower 
susceptibility of enzymatic hydrolysis was probably due to the tighter packing pattern of double 
helices in A-type spherulites than that in their B-type counterparts. 
 Introduction 
Spherulites are important structural features found in many polymers crystallized from 
the melt (Bower, 2002). Starch based spherulites can be obtained by cooling the starch 
suspension pre-heated into a solution state without disturbance (Nordmark and Ziegler, 2002 a,b; 
Steeneken and Woortman, 2009; Ziegler et al, 2003). The overall morphology of spherulites is 
dependent on starch sources, amylose content, and crystallization conditions such as heating 
temperature, concentration of starting materials, cooling rate and crystallization temperature 
(Singh et al, 2010; Ziegler et al, 2003). High-amylose starches could form spherical structure 
with birefringence more readily than normal and waxy starches (Nordmark and Ziegler, 2002 a,b; 
Singh et al, 2010). Spherulites may be formed over a wide range of cooling rates (1-250°C/min) 
provided that amylose solution (10 to 20%, w/w) was pre-heated to greater than 170°C (Creek et 
al, 2006). Those spherulitic crystals had dimensions and structural characteristics consistent with 
the hilum and core region of native granules, thus was proposed as a model for starch granule 
initiation in vivo (Ziegler et al, 2005). However, in these studies (Creek et al, 2006; Ziegler et al, 
 108 
 
2005), amylose used was essentially linear long chains and isolated from granular starch by an 
aqueous leaching process, thus had a low yield. Moreover, the sample was heated in a 
differential scanning calorimeter (DSC) pan. A small sample size was used, and not enough for 
conducting digestion study. 
Spherutilic crystallization from short-chain amylose (SCA) solution has been 
documented as well (Helbet et al, 1993; Ring et al, 1987; Planchot et al, 1997; Williamson et al, 
1992; Whittam et al, 1990). Helbert et al (1993) prepared spherulites by mixing ethanol with hot 
aqueous solutions of low molecular weight amylose followed by slow cooling to 4°C. The 
precipitates had a diameter in the order of 10 µm and exhibited an A-type X-ray diffraction 
pattern. In contrast, spherulites with B-type polymorph and a dimension of 10-15 µm were 
produced by direct cooling 5-20% w/w aqueous SCA solution to 2 °C (Ring et al, 1987). Since 
A- and B- amylose spherulites mimic both granular morphology and the crystalline types of 
native starches, they were used as model systems to study the enzymatic hydrolysis of starch 
crystallites (Planchot et al, 1997; Williamson et al, 1992). The materials they used to prepare 
spherulites were obtained by extensive acid hydrolysis of native starches, as a result, causing a 
significant loss of starch during treatment and presumably still containing branched points 
(Planchot et al, 1997; Williamson et al, 1992).  
Instead of using acid resistant fractions from acid hydrolyzed starches, we prepared 
completely short linear chains from debranched waxy maize starch by using isoamylase (Cai et 
al, 2010). Highly pure A- and B-type crystals with a high yield and aggregate morphology were 
prepared from those short chains and their digestibility was examined (Chapter 5). In this study, 
a novel process was developed to produce both highly pure A- and B-type crystalline spherulites 
from waxy maize starch at high solids concentration in an aqueous environment. The conditions 
and mechanism of self-assembly of short linear chains into spherulites in relation to their 
digestibility were investigated. Our specific goals were to (1) investigate the necessary heating 
temperature for SCA to form spherulites, (2) study the effects of crystallization temperatures on 
morphology and crystalline structure of resulting products, and (3) relate the structure of 
spherulites formed to their enzyme digestibility.  
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 Materials and methods 
 Materials  
Waxy maize starch was obtained from National Starch LLC (Bridgewater, NJ, USA), and 
isoamylase (EC 3.2.1.68) was obtained from Hayashibara Biochemical Laboratories, Inc. 
(Okayama, Japan). The enzyme activity was 1.41×106 IAU/g, and 1 IAU was defined as the 
amount of isoamylase that increased reducing-power absorbance of the reaction mixture by 
0.008 in 30 min under the conditions of the isoamylase assay (FAO JECFA Monographs, 2007). 
All chemicals were reagent-grade. 
 Starch debranching and spherulites formation 
Waxy maize starch (25g, dry basis) was mixed with acetic acid buffer (0.01M, pH4.0) in 
a pressure bottle (Ace Glass Incorporated, Vineland, NJ, USA) to prepare 25% solids starch 
suspension and cooked in a boiling water bath with continuously stirring for 30 min, then put 
into 120°C oven for 30 min. After the mixture was cooled to 50°C, 1% isoamylase based on the 
dry weight of starch was added. The mixture was kept at 50°C with stirring for 24 h. Part of the 
mixture (15 mL) was taken, sealed in a pressure tube (Ace Glass Incorporated, Vineland, NJ, 
USA) and heated in an oven at 180°C for 20 min. The tube was stored at 4, 25 and 50°C for 24 h, 
respectively. The precipitate was filtered, washed by water, dried at 40 °C in an oven overnight 
and ground by a pestle and mortar. To determine the minimum heating temperature required to 
form spherulites, the mixture (15 mL) was sealed and heated to 170 and 190°C for 20 min, 
respectively, and crystallized at 4°C for 24h.  
To determine the yield of spherulites, an aliquot (1.0 mL) of starch slurry was taken and 
centrifuged (×13,226 g) for 10 min. The carbohydrate concentration in the supernatant was 
determined with a portable refractometer (Fisher Scientific Inc., Pittsburgh, PA, USA). The 
blank reading was determined by the same procedure on uncooked starch slurry mixed with 
isoamylase. The level of precipitation of carbohydrate was calculated by reading the difference 
between the sample and the blank. Each measurement was done in duplicate. 
 Light microscopy 
A drop of sample suspension was deposited on a microscopy slide, and covered with a 
glass. The sample was observed by an Olympus BX51TF microscope (Olympus Optical Co. Ltd., 
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Shinjuku-ku, Tokyo, Japan). The images in both normal light and polarized light backgrounds 
were captured using SPOT 18.2 Color Mosaic camera (Diagnostic Instruments Inc., Sterling 
Heights, MI, USA). 
 Gel permeation chromatography (GPC) 
The molecular weight distribution of spherulites was examined by GPC as previously 
described in Chapter 2. 
 Scanning electron microscopy (SEM) 
The morphology of spherulites was investigated by SEM as previously described in 
Chapter 2. 
 Wide-angle X-ray diffraction 
The crystalline structure of spherulites was studied by wide-angle X-ray diffraction as 
previously described in Chapter 3. 
 DSC 
The thermal properties of spherulites were analyzed by DSC as previously described in 
Chapter 2. 
 Synchrotron small-angle X-ray scattering 
Small-angle X-ray experiments were carried out as previously described in Chapter 2. 
Both as is and hydrated samples (ca. 50% moisture) were examined. 
 In vitro digestion method 
The in vitro digestion test of spherulites was determined by a modified Englyst procedure 
as previously described in Chapter 2. After 3 h, the digestion was stopped by adding 200 mL 
ethanol. The digestive residues were recovered by filtration and dried at an oven at 40 °C 
overnight. The in vitro digestion of above digestive residues was determined by the same 
modified Englyst procedure as previously described in Chapter 2. 
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 Results 
 Molecular weight (MW) distribution and yield 
Figure 6.1 shows the MW distribution of SCA spherulites as determined by GPC. A 
bimodal distribution with low and high MW peaks, was observed for all spherulites crystallized 
at different temperatures. Spherulites obtained at 4°C had a slightly larger proportion of the low 
MW fractions compared to those produced at 25 and 50°C. The observation suggested that 
shorter linear chains (DP < 10) could continue to associate together and precipitate out when 
temperature was decreased.  
The MW distribution results were also consistent with the yield data listed in Table 6.1. 
The recovery of SCA spherulites increased from 50% to 87.6%, as crystallization temperature 
decreased from 50°C to 4°C. Similar phenomenon was observed during debranching and 
crystallization of high solids concentration waxy maize starch (Cai et al, 2010). The yield of 
precipitate increased to about 90%, after debranching and crystallization of waxy maize starch at 
50°C for 24 h followed by precipitation at 25° for 6 h (Cai et al, 2010). The high yield of SCA 
spherulites and their possible recovery by filtration make them great application potentials. 
 Morphology 
Microscopic images of SCA spherulites under both normal and polarized light 
backgrounds are shown in Figure 6.2. For materials crystallized at 4°C and 25°C, birefringence 
and Maltese cross were observed under polarized light (Figure 6.2B and D). The size of the 
spherulites ranged from 5 to 10 µm (Figure 6.2A-D). Increasing the crystallization temperature 
to 50°C resulted in less well-developed spherulites with a reduced particle size (ca. 1 to 5µm), a 
weak birefringence and Maltese cross pattern (Figure 6.2 E and F). 
The spherulites were not well developed when cooling from 170°C. Instead, small size 
particles (ca. 1 to 5µm) with week birefringence were observed (Figure 6.3A and B). Spherulites 
were observed when cooling from 190°C (Figure 6.3C), but the Maltese cross pattern was weak 
(Figure 6.3D). Thus, the necessary heating temperature for high solids SCA aqueous solution to 
form spherulites upon cooling was above 170°C. Similar conclusions were reported for long 
chain amylose (Ziegler, 2003). They suggested that conformational change from a helix to a coil 
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structure of linear chains above 170°C increased the chain flexibility and induced the spherulite 
formation. 
Figure 6.4 shows the SEM images of SCA spherulites produced from different 
crystallization temperatures. Similar morphology and size were shown for spherulites formed at 
4°C (Figure 6.4A and B) and 25°C (Figure 6.4C and D). Spherulites crystallized at 50°C had a 
smaller size (ca. 1-5 µm) (Figure 6.4 E and F). 
 Characterization of crystalline structure 
The wide-angle X-ray diffraction patterns of spherulites are shown in Figure 6.5. 
Spherulites formed at 4 and 25°C exhibited the B-type crystallinity, whereas the A-type 
polymorph was formed at 50°C. According to Gidley (1987), A-type structure of starch is a 
thermodynamic product whereas B-type polymorph is a kinetic event. The dissolution 
temperature of SCA spehrulites is largely dependent on their polymorphs and water content 
(Whittam et al, 1990). The thermal properties of spherulites prepared at different crystallization 
temperatures were shown in Figure 6.6. An endothermic peak that centered around 90°C was 
observed for spherulites obtained at 4 and 25 °C. The endotherm of spherulites formed at 50 °C 
shifted to a higher peak melting temperature of 120°C, indicating that differences in 
crystallization temperature could lead to different melting temperatures. Our results showed that 
A-type structure prepared from 50°C was more thermal stable (about 30°C higher) than B-type 
structure obtained from 4 and 25°C (Figure 6.6 and Table 6.2). These phenomena were in 
agreement with the work conducted by Whittam et al (1990). They found that A-type SCA 
spherulites melted at temperatures about 20°C higher than B-type spherulites at a water content 
more than 40% (w/w). 
Peak melting temperature of the B-type SCA spherulites prepared from lintnerized potato 
starch was 70-80°C in the excess water conditions (Ring et al, 1987; Williamson et al, 1992; 
Whittam et al, 1990), while a peak melting temperature of about 90°C was observed for A-type 
spherulites (Williamson et al, 1992; Whittam et al, 1990). It is interesting to note that for the 
same crystalline type, spherulites made in this study had 20-30 °C higher melting temperature 
than those documented in the literature. We hypothesized that completely linear short chains 
generated from debranched waxy starch could form more stable double helices than SCA 
obtained from acid hydrolysis, which contained branch points. However, except the molecular 
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chain distribution pattern, other factors such as starch solids concentration, crystallization 
temperature and medium, might also contribute to these results. 
Unlike SCA, spherulites from long chain amylose (isolated from native starch) were only 
reported to reveal the B-type X-ray diffraction pattern, and showed a higher dissolution 
temperature than B-type SCA spherulites (Nordmak and Ziegler, 2002a; Creek et al ,2006). 
According to Nordmak and Ziegler (2002a), amylose purified from high amylose maize starch 
could form spherulites with an endotherm ranged from ca. 90 to 140°C and a peak melting 
temperature of 125-130°C. Creek et al (2006) reported that spherulitical materials obtained from 
pre-heated maize amylose with a wide range of cooling rates showed a dissolution temperature 
ranged from 100 to 140 °C. The endotherm does not change significantly in response to a change 
in cooling rate. It is possible that double helices in long chain amylose spherulites associated 
more tightly and were more resistant to disassociation upon heating. According to Moastes et al 
(1997), the dissolution temperature of amylose crystals at a volume fraction of water of 0.8 
increased from 57°C to 119°C with a chain length increased from 12 to 55 residues, while 
extrapolated dissolution temperature for the high molecular weight polymer was 147°C. 
The small-angle X-ray scattering curves of spherulites samples were presented in Figure 
6.7. This peak was not observed when the moisture content was low (ca.5%) but was evident 
when the samples were hydrated (ca.50%). The water functions as plasticizer to hydrate the 
starch molecules via hydrogen bonds and align the short linear chains into order (Donald et al, 
2001). However, unlike narrow 9 nm lamella peak in native starch granules (Donald et al, 2001), 
the peak of spherulites was broad (ranged ca. 0.3 to 1.2 nm-1), which might be attributed from the 
large variation of their lamella size. Nevertheless, all the lamella peaks of shperulites were 
centered around 0.7 nm-1 (Figure 6.7), thus the average length of the repeating stacking 
containing alternative crystalline and amorphous region is about 9 nm, similar as that in the 
granular starches (Donald et al, 2001). The lamella peak of spherulites formed at 4°C was more 
evident than those formed at 25 and 50 °C, suggesting that spherulites as well as lamella 
structure were less well developed at higher crystallization temperatures. 
 In vitro digestion profile 
Given the well-defined morphology and remarkable highly pure crystallinity, SCA 
spherulites were ideal models that could be used to study the enzymatic digestibility of native 
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starches with A- and B-type structures. As shown in Figure 6.8A, spherulites prepared at 50 °C 
showed the lowest digestibility. Only 15.4% of the spherulites were digested after 3 hours. For 
spherulites formed at 4 and 25°C, the digestive starch content at 3 hour was 20.4% and 21.9%, 
respectively. Interestingly, the digestion curve of spherulites formed at 4 °C was essentially 
linear as a function of digestion time. Digestion profiles of residues showed similar kinetic 
curves as the parent spherulites (Figure 6.8B), demonstrating that the spherulites had an 
essentially constant digestion rate. The residues from spherulites formed at 50°C were more 
enzyme resistant than those formed at 4 and 25 °C. A slight increase of digestion was observed 
for all the spherulite residues in comparison with their parent counterparts, which may be 
attributed from the altered morphology and structure of residues after the enzyme digestion test. 
To further understand the digestion mechanism, we examined the digestive residues of 
spherulites by the light microscope again (Figure 6.9). Individual spehrulites with clear 
Maltesscross along with small pieces of fragments were observed, suggesting that some 
spherulites were week and more susceptible to enzyme attack, whereas some stronger 
spherulites were more resistant to the enzyme digestion. SEM showed rough surface structure 
for all the spherulite digestive residues (Figure 6.10), indicating that surface erosion rather than 
the endo-corrosion was occurred during starch digestion. It is known that the enzymatic 
degradation of native starch is not homogeneous. The enzymes generate holes through 
penetrating the weak points on the granule surface and hydrolyze the less resistant regions. In 
contrast, no holes or pores were observed for the spherulites.  
Our results indicated that spherulites with A-type structure were more resistant to 
enzymatic hydrolysis than B-type spherulites. This observation was opposite to the works 
conducted by Williamson et al (1992) and Planchot et al (1997). They prepared A- and B-type 
spherulite crystals from lintnerized potato starch and found that B-type spherulites were more 
resistant to α-amylase digestion than A-type spherulites. However, it is worth noting that the A- 
and B-spherulites prepared by Williamson et al (1992) and Planchot et al (1997) contained 
branched points. As pointed out by those authors, the presence of α-1,6- linkages and the ratio of 
linear and branched chains may affect the amylolysis susceptibility. In the present work, the A- 
and B- crystals were confirmed to be linear and had similar molecular weight distribution 
(Figure 6.1). 
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Regardless of spherulite size and thermal stability, B-type spherulites was more 
susceptible to enzymatic hydrolysis than A-type polymorph (Figure 6.8), suggesting that the 
enzyme resistance of B-type native starch was probably due to its starch granular structure rather 
than the crystalline types. It is known that the packing pattern of double helices in A-type 
structure is more condensed than in its B-type counterpart (Imberty et al, 1988; Imberty and 
Perez, 1988; Takahashi et al, 2004; Popov et al, 2009). This tighter packing might inhibit the 
access of enzymes to double helices and lead to a lower digestibility of A-type spherulites in this 
study.  
 Discussion 
Amylose is known to be the effective starch component inducing the formation of 
spherulites (Nordmak and Ziegler, 2002a, b; Sigh et al, 2010; Ziegler et al, 2005). In this study, 
short linear chains obtained from debranched waxy maize starch were used to prepare spherulites 
for the first time. Schematic drawing of transition from starch granules to SCA spherulites is 
presented at Figure 6.11. By modeling the small angle X-ray scattering data, native starch 
internal granules are proposed to contain three different types of regions: amorphous growth 
rings, amorphous and crystalline lamella in a repeating stack (Donald et al, 2001). After being 
cooked at a high temperature, the starch granules were disrupted and the crystalline structure was 
destroyed, allowing branched points to be cleaved by isoamylase, and producing completely 
linear chains. 
Cloudy SCA slurry (25% solids concentration) was observed after debranched starch 
molecules were crystallized at 50°C, but the mixture was converted into a clear solution after it 
was heated to 140°C. When the solution was cooled from this temperature (or the temperature 
range of 140-170°C), aggregates of particles with irregular shapes were observed. Those 
materials showed week birefringence and a sharp wide-angle X-ray diffraction pattern, 
confirming the formation of double helices and crystalline structure; however, Maltese cross was 
not observed under polarized light and no peak was detected using small-angle X-ray scattering, 
indicating that the double helices were not arranged into order to form the lamella structure. 
Interestingly, when the solution was cooled from 180°C, lamella structure was formed as a broad 
peak was observed at small-angle X-ray scattering curves of hydrated spherulites samples 
(Figure 6.7). 
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According to Zieger et al (2005), the overall morphology of spherulitic crystals depended 
on the relative rates of phase separation and polymer association. It is possible that molecular 
interaction/crystallization occurred predominantly in this range of temperature and acted as a 
barrier to inhibit the formation of spherulite structure. Only when the phase separation was 
induced well before the nuclei initiate crystallization could the spherulites be formed (Creek et al, 
2006). At the temperature of 180°C, amylose shifted from helix to coil state and separated into 
polymer-poor and polymer-rich phases. Upon cooling, double helices were formed in polymer-
rich phase, aligned into order and precipitated out as spherulites. Thus, the spherulites formation 
involved (1) conformational transition from coils to double helices, (2) orderly arrangement of 
double helices into lamella structure, and (3) radical orientation of aggregates of lamellar stacks 
into spherulites. 
 Conclusions 
A novel process was developed to convert waxy maize starch to spherulites with 
controlled enzyme digestibility. Regardless of spherulite size and thermal stability, the A-type 
spherulites were more resistant to enzymatic hydrolysis than the B-type spherulites. Our findings 
are opposite to the fact that native starches with a B-type structure are more enzyme resistant 
than those with an A-type structure, suggesting that the crystalline type is not the key factor 
determining the digestibility of native starches.  
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Table 6.1 Yield of short-chain amylose spherulites produced by heating debranched waxy 
maize starch (25% w/w) to 180°C and crystallized at different temperatures A 
 
Crystallization Temperature (°C) 4 25 50 
Yield (%) 87.6 ±2.1 72±1.4 50±1.6 
A
 Mean ± standard deviation values are reported. 
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Table 6.2 Thermal properties of short-chain amylose spherulites produced by heating 
debranched waxy maize starch (25% w/w) to 180°C and crystallized at different 
temperatures as determined by differential scanning calorimetry A  
A Waxy maize starch (25% solids) was debranched and heated to 180 ºC and cooled to 
different crystallization temperatures. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Crystallization Temperature (ºC) To (ºC) Tp (ºC) Tc (ºC) ∆H(J/g) 
4 64.8±1.2 91.4±2.3 108.5±0.7 20.9±0.1 
25 73.5±0.32 91.8±1.9 109.1±0.9 21.0±0.4 
50 99.9±1.1 117.5±1.9 139.1±0.5 20.5±0.5 
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Figure 6.1  Molecular weight distribution of short-chain amylose spherulites produced by 
heating debranched waxy maize starch (25% w/w) to 180°C and crystallized at different 
temperatures 
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Figure 6.2 Microscopic images of short-chain amylose spherulites produced by heating 
debranched waxy maize starch (25% w/w) to 180°C and crystallized at different 
temperatures: A and B, 4°C; C and D, 25°C; E and F, 50°C. All scale bars represent 10 µm 
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Figure 6.3 Microscopic images of short-chain amylose produced by cooling debranched 
waxy maize starch (25% w/w) from A and B, 170°C; C and D, 190°C, and crystallized at 
4°C. All scale bars represent 10 µm 
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Figure 6.4 Scanning electron microscopic images of short-chain amylose spherulites 
produced by heating debranched waxy maize starch (25% w/w) to 180°C and crystallized 
at different temperatures: A and B, 4°C; C and D, 25°C; E and F, 50°C 
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Figure 6.5 Wide-angle X-ray diffraction of short-chain amylose spherulites produced by 
heating debranched waxy maize starch (25% w/w) to 180°C and crystallized at different 
temperatures  
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Figure 6.6  Thermal properties of short-chain amylose spherulites produced by heating 
debranched waxy maize starch (25% w/w) to 180°C and crystallized at different 
temperatures as determined by differential scanning calorimetry 
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Figure 6.7 Synchrotron small-angle X-ray scattering of short-chain amylose spherulites 
produced by heating debranched waxy maize starch (25% w/w) to 180 °C and crystallized 
at different temperatures: (A) 4 °C, as it; (B) 4 °C, hydrated; (C) 25 °C, as it; (D) 25 °C, 
hydrated; (E) 50 °C, as it; and (F) 50 °C, hydrated 
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Figure 6.8 In vitro digestion profile of (A) short-chain amylose spherulites produced by 
heating debranched waxy maize starch (25% w/w) to 180 °C and crystallized at different 
temperatures; and (B) their digestive residues 
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Figure 6.9  Microscopic images of digestive residues from short-chain amylose spherulites 
produced by heating debranched waxy maize starch (25% w/w) to 180 °C and crystallized 
at different temperatures: A and B, 4 °C; C and D, 25 °C; E and F, 50 °C. All scale bars 
represent 10 µm. 
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Figure 6.10 Scanning electron microscopic images of digestive residues from short-chain 
amylose spherulites produced by heating debranched waxy maize starch (25% w/w) to 180 
°C and crystallized at different temperatures: A and B, 4 °C; C and D, 25 °C; E and F, 50 
°C. 
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Figure 6.11 Schematic drawing of transition from starch granule to short-chain amylose 
spherulites. 
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Chapter 7 - Conclusions and Perspectives 
Starch is the most important source of food energy. However, the information about the 
metabolic quality of starchy foods is scarce. There is growing interest in understanding the 
relationships between digestion of starch and its impact on human health. The essential tasks of 
this project are to understand starch molecular architecture during crystallization, structural 
formation of different types of crystals (A- and B-types), and to provide new insights into how 
these crystalline starches are digested by enzyme. The successful completion of this project leads 
to a thorough understanding of how starch molecules assemble to form a specific structure and 
why starches with different crystalline structure have different digestibility. The enhanced 
understanding will have broad implications, and further help to control digestion in starchy foods, 
and to develop new ingredients and foods to improve human health. 
The integrated project included study of debranching and crystallization of high solids 
waxy maize starch, structure and digestibility of crystalline short-chain amylose (SCA) generated 
from three different waxy starches, investigation of melting and crystallization of SCA in real 
time, comparison on digestibility of A- and B-type starch crystals, and formation of spherulites 
from SCA in relation to enzyme digestibility.  
At high solids (25%) condition, crystalline precipitates rather than gel materials could be 
obtained from debranched waxy maize starch slurry by continuous stirring. SCA crystallized 
upon release from amylopectin during debranching. The yield of the crystallized product was ca. 
90% after the starch was completely debranched at 50°C and further precipitated at 25°C. The 
filtered materials were characterized with an A-type crystalline structure, high melting 
temperature (90°C to 140°C), and high resistant starch content (71.4%). 
Compared to debranched waxy wheat and waxy maize starches, debranched waxy potato 
starch had a higher average chain length of 32.1, resulting in a higher yield (72.6%) of 
crystallized product with stronger crystalline structure, higher peak melting temperature 
(116.2°C), and higher resistant starch content (77.8%). It is suggested that the double helices 
formed from the longer chains in waxy potato starch are stronger, more resistant to enzyme 
hydrolysis, and have better thermal stability. Therefore, waxy potato starch is the preferred starch 
to make a product with high resistant starch content by debranching and crystallization. 
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Amorphous SCA from debranched waxy starches could immediately crystallize into B-
type polymorph when hydrated with ca.50% moisture content at 25°C. SCA from debranched 
waxy potato starch with higher average chain length showed relatively low crystallinity and 
higher melting temperature. It could not be completely melted at 100°C and remained a B-type 
polymorph during rapid cooling. In contrast, SCA from debranched waxy wheat and waxy maize 
starches contained large portion of low molecular weight fractions, resulted in higher 
crystallinity and lower melting temperature. When melted, it could predominantly reform into an 
A-type polymorph under rapid cooling.  
Spherulites were prepared by heating high solids concentration (25%) debranched waxy 
maize starch to 180 °C and cooling at different temperature levels ( 4, 25 and 50°C, respectively). 
The spherulites prepared at low temperature (4 and 25°C) had large spherulite size (10-15 µm), 
B-type X-ray diffraction pattern, and lower dissolution temperature (ca. 70-110°C), whereas the 
spherulites crystallized at 50°C showed small particle dimension (5-10 µm), A-type polymorph, 
and higher dissolution temperature (100-140°C). Regardless of spherulite size and thermal 
stability, the A-type spherulites were more resistant to enzymatic hydrolysis than B-type 
spherulites. 
In conclusion, A-type crystals could be formed at high concentration, high temperature 
and short chain length, whereas B-type polymorph was produced at low concentration, low 
temperature and long chain length. Digestion results (combined α-amylase and glucoamylase) 
showed that A-type structure was more resistant to enzyme digestion than its B-type counterpart. 
A-type structure had higher thermal stability than B-type polymorph. Annealing increased the 
melting peak of the B-type crystals, making it similar to that of the A-type crystals, but did not 
improve the enzyme resistance. The possible reason for these results was due to a more 
condensed double helices packing pattern of A-type crystallites. Our observations were opposite 
to the fact that B-type native starches are more enzyme resistant. It is suggested that crystalline 
types are not the key factor that impact the digestibility of native starch granules. The 
susceptibility of native starches to enzymes mainly depends on the organization of starch 
granules. 
Our work on relating starch structure and digestibility was based on in vitro enzyme 
methods. Further research is needed to determine the digestibility by using in vivo methods and 
estimate health impacts of starches with different structure on human. We are also looking for 
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the opportunities to conduct further work with industry partners to seek to commercialize the 
products developed from this work. The products could be recovered by filteration with a high 
yield, and may have potentials to be used as dietary fiber to increase the nutrient claims in the 
food products, and as bulking agents and control release agents in pharmaceutical applications.  
 
